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Respiratory, cardiovascular and metabolic
changes of an air-breathing teleost, Ophiocephalus
maculatus, in response to hypoxic conditions were
studied. Hypoxic exposure caused an increase
in aerial respiration, decrease in branchial
ventilation and oxygen uptake from water. Aerial
oxygen uptake was limited by the rate of oxygen
absorption in the air-breathing organ.
Perfusion of air-breathing organ was higher than
that of systemic tissues. Significant hematological
changes, bradycardia and decline in dorsal and ventral
aortic pressures were observed in severely (Pwo2 4
30 mmHg) but not in moderately (Pwo2= 50 mmHg) hypoxic
water.
0. maculatus showed a hyperbolic blood oxygen
dissociation curve, a high blood oxygen affinity and
a large Bohr effect. Hypoxic conditions induced
insignificant changes in oxygen tension and saturation
of blood in dorsal aorta, bulbus arteriosus and caudal
2vein. The persistently higher blood oxygen level in
dorsal aorta compared with that in bulbus arteriosus
indicated partial separation of oxygenated and venous
blood in the heart.
Hypoxic conditions rapidly induced anaerobic
metabolism which led to lactate accumulation in various
tissues. Prolonged exposure resulted in marked
metabolic readjustments including glycogenolysis,
lactate removal-and increased liver lactate dehydrogenase
activity. Enhanced lactate turnover through aerobic
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CHAPTER ONE GENERAL INTRODUCTION
1
GENERAL INTRODUCTION
Ophiocephalus maculatus is a facultative air-
breathing teleost which is able to utilize oxygen
in both water and air concurrently (bimodal respiration).
It usually inhabits stagnant freshwater streams and
ponds where oxygen deficiency is of common occurrence.
The cardiovascular and respiratory systems of
Ophiocephalus have been described (Munshi, 1962;
Hughes and Munshi, 1973; Ishimatsu et al, 1979).
However, there is little information about the physiological
adjustments of this air-breathing fish during environ-
mental hypoxia, a situation which is frequently
encountered in its natural habitat (Dehadrai and
Trinathi, 1976).
Studies on the balance between water and aerial
respiration have been reviewed by Singh (1976).
With the exception of some obligatory air-breathing
fishes, most air-breathing fishes generally increase
aerial respiration in response to hypoxic environment.
However, the responses of branchial ventilation to
hypoxic water vary with different species. Some
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air-breathing rise are able to decrease gill ventila
tion in order to save energy and minimize branchial
oxygen loss at the gills. The possible branchial
oxygen loss due to the shunting of oxygenated blood
from air-breathing organ to heart may presumably
be prevented by a high blood oxygen affinity and
separation of two blood streams in the heart of air-
breathing fishes. A recent study on Ophiocephalus
argus provided evidence for such a separation of
oxygenated and deoxygenated blood streams in the
heart.
Detailed studies on the cardiovascular changes
associated with air breathing are available only
in obligatory air-breathing lungfishes (Satchell,
1976). Corresponding study in facultative air-breathing
fishes is lacking.
It is generally assumed that air-breathing fishes
depend mainly on their ability of air-breathing to
maintain the oxygen uptake in hypoxic environment.
However, recent enzymatic studies on lungfish and
several Amazon air-breathing fishes showed that they
possess striking anaerobic capacities (Hochachka,1980)
3In this study, the respiratory, cardiovascular
and metabolic changes during exposure of 0. maculatus
to different hypoxic conditions were investigated.
It was shown that 0. maculatus, like other air-breathing
fishes, displayed an integrated response to hypoxic
exposure in order to increase the oxygen uptake and
minimize oxygen demand in hypoxic environment.
CHAPTER TWO LITERATURE REVIEW
42.1 ECOLOGY OF AIR-BREATHING FISHES
2.1.1 Habitats
Most air-breathing fishes inhabit tropical fresh-
water or esturaries. Marine waters are usually turbulen
and well-mixed with oxygen and thus marine forms of
air-breathing fishes are rare. The majority of air-
breathing fishes are teleosts. Among osteichthyes, most
dipnoan (lungfish), chondrostean (bichir) and holostean
(gar) fishes are air-breathing forms. Air-breathing
elasmobranchs have not been reported (Johansen, 1970).
The main causes of oxygen depletion in tropical
freshwaters or swamps are
(1) Biological fouling due to the accumulation of organic
matter ;
(2) Prevailing high temperatures increase the oxygen
demand of the inhabiting microfauna and augment
the oxygen-poor condition;
(3) Diurnal temperature differences are small, the
thermohaline circulations as in marine water do
not occur, the waters become stagnant;
5(4) Photosynthetic activities of microf lora are slight
due to little light penetration through the dense
coverage of tropical rain forest;
(5) Dense foliage of the prolific vegetation prevents
wind disturbance and thus aeration of the water.
As a result, these swamps are described by Dehaclrai
and Tripathi (1976) as "low-lying, waterlogged, shallow
areas with a loose peaty bottom rich in decaying organic
matter, retaining water either perennially, or shrinking
or drying up completely during the summer months.
The water surface in direct contact with the air and
sunlight is substantially reduced which influences
the dissolved gases and productivity of water. The
excessive accumulation of plant remnants shallow up
the bottom..................... The normal metabolic
cycle is essentially disrupted by the presence of a
dense growth of vegetation(Ling, 1960). The shading
effect ofmacro-vegetation mat causes the water body
to be completely pocketed, adversely affecting the
photosynthesis, nutrient circulation and the normal
balance of metabolic gases."
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Detailed studies of the habitats of air-breathing
fishes in relation to their physiology have been made
in India (Saxena, 1963; Dehadrai and Tripathi, 1976)
and Central Amazon basin (Fink and Fink, 1979; Kramer et
al, 1978). Among other environmental features such
as high CO2, low pH, accumulations of hydrogen sulfide,
methane heavy silt load and plant toxins, widespread
hypoxia is a common characteristic of these habitats.
However, it is difficult to find out the relation between
oxygen availability and appearance of air-breathing
species.The occurrence of numerous air-breathing fishes
together with nonair-breathing fishes in the same de-
oxygenated swamp area has been noted in many locations
(Carter and Beadle, 1931; Beebe, 1945; Kramer and Graham,
1976; Kramer et al, 1978). Since air-breathing is often
not the principal strategy even in severely hypoxic environ-
ments, there must be other physiological adaptations
which allow the nonair-brea thing fishes to survive
in the oxygen poor environment. Some species may also
exploit the local difference of oxygen levels in the
environment. Moreover, even in air-breathing fishes,
many other physiological adjustments may increase the
efficiency of oxygen uptake and reduce the oxygen demand
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(Hochachka, 1980). The use of more than one strategy
for the survival of air-breathing fishes in deoxygenated
water has been suggested and awaits further investigations.
Apart from tropical swamps, air-breathing fishes
are also found in estuarine waters where large spatial,
diurnal and seasonal variations in oxygen availability
may occur (Todd and Ebeling, 1966).
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2.1.2. Occurrence of Ophioce hp ales maculates
0 hiocephalus maculatus is a member of the family
Ophiocephalidae, or snakehead. Snakeheads are also
known as murrels and serpent-headed fish. According
to the zoological nomenclature, the generic name for
snakeheads is Channa. However, the time-honoured name
of 0rhioce halus is very commonly used (Smith, 1965).
In this study, the generic name of Ohiocephalus will
be used. The snakeheads are common in the freshwater
systems of tropical Asia and Africa. However, temperat
species can also be found in the northern rn parts of Chin
(Fig. 2.1). They are freshwater fish but are able
to live in low salinity brackish water (Woo and Tong,
1982). They are ubiquitous and can be found in many
habitats such as shallow waters of lakes, reservoirs,
swamps, marsh, flooded low-lying lands, ponds,
ricefields and other stagnant waters. During the dry
season, they can survive for months without water when
buried in moist soil. As the pond dries up, the fish
burrow deeper into the moist mud. After rain, it
can resume its activities from aestivation under the
hardened mud (Ling, 1977).
Figure 2.1. World distribution of the Ophiocephalus spp.
Adapted from Muir and Roberts (1982).
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0. maculatu-s is found in Taiwan, Hong Kong and
Southern China. It is carnivorous and inhabits ponds
and rivers. Because of its high growth rate, high
nutritive value and marked ability to withstand hypoxia,
it is widely cultured in South-East Asia (Chen, 1976
Ling, 1977; Sin and Cheng, 1976; Muir and Roberts, 1982).
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2.2 STRUCTURAL ADAPTATIONS FOR AIR BREATHING
2.2.1. Types of air-breathing organs
There are diverse structural adaptations for air
breathing in fishes. While some species rely predominantly
on water breathing with gills and only supplement oxygen
uptake with their accessory air-breathing organs under
adverse respiratory conditions, others are obligatory
air breathers and succumb if they are prevented from access
to air for a short time (Rauther, 1910; Johansen, 1968,
1970).
The air-breathing organs may have evolved as a
modification of an already existing structure or it
may be a neomorhpic structure. There are monoaccessory
and diaccessory types of air-breathing organs (Dehadrai
and Tripathi, 1976).
(1) The monoaccessory air-breathing organs are in
the form of simple sacs, receptacle, diverticula
or holding space for air without additional structures
present inside.
(2) The diaccessory type possesses additional structures
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such as foldings, papillations or arborizations
of the gas exchange membranes to increase the
respiratory surface area. In both types,the air-
breathing organs are richly supplied with blood
vessels. The diffusion distance between air and
blood is reduced.
In general, the development of accessory air-
breathing organs in fishes is accompanied by a degeneration
of the primary gas exchange organs, the gills.
(Dubale, 1951; Hughes et al, 1973, 1974).
Three main categories of accessory air-breathing
organs in teleost can be recognized (Table 2.1):
(1) Modified mouth and pharynx
Modified branchial,opercular and pharyngeal cavities
are used for the purpose of air breathing. These
represent the most common and diversified structural
adaptations for air breathing.
(i) Bucco-pharyngeal organ
It is developed with foldings and papillations
of the buccal epithelia projecting into the buccal
cavity and forming extensive vascular surfaces
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for air breathing. A striking example is found
in the electric eel, Electrophorus electricus
(Evans,1929, Johansen et al, 1968). The surface
area of this air-breathing organ accounts for 15%
of the total body surface (Johansen et al, 1968).
(ii) Suprabranchial organ
In Ophiocephalidae, the suprabranchial chamber
lies above the gills and is enclosed within the
skull (Munshi, 1962). More detailed description
will be found in Section 2.2.2.
(iii) Pharyngeal "lung"
In Amphipnous cuchia, the paired air chambers are
more free and extend beyond the region of the head
(Das, 1940). The wall of the "lung" is very vascular
and may show surface expanding structures and internal
trabeculation resembling an amphibian lung.
(iv) Modified opercular chamber
Another adaptation to air breathing is in the form
of opercular cavities which have become richly
vasc.ularized for air breathing. When air is taken
in such opercular chamber, the opercular walls
become bulged out like balloons. Air is either
passed out through the mouth or through the
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opercular openings by a sudden callapse of the
oPercular walls. Such modifications are observed
in Hypopomus brevirostris, Monopterus sp. and
several species of gobiid fishes (e.g. Pseudoa ocry tes
lanceolatus) (Wu and Kung, 1940).
(v) Opercular lung
Still more structural modifications of opercular
cavities occur as specialized diverticula develop
between hyoid and the first branchial arches.
These opercular air chambers or lungs which lie
above the gills are, in some cases, enclosed within
the skull bones as in the suprabranchial organ of
Ophiocephalidae. These opercular lungs may extend
to half the length of the fish and lie embedded
within the myotomes of the body wall as in
Hetero neustes (Saccobranchus) fossilis (Rauther,
1910). In other forms, the opercular diverticulum
extends inside the skull to take the form of a
1abyrinthlike organ as in Anabas and "air trees"
in Clarias (Moussa, 1956, Munshi, 1961).
(2) Modified gastrointestinal tract
Tn some fishes, the inhaled air is swallowed and
15
passed backward inside the alimentary canal where moaltiea
stomach (Ancistrus anisitsi and Plecostomus plecostomus)
or intestine (Misgurnus fossilis, Lepidocephalichthys
guntea, Doras sp,. Hoplosternum sp.) serve in gas
exchange between the blood and the swallowed air.
(Carter, 1935).
(3) Modified swim bladder
Although the air or swim bladder serves primarily
in buoyancy control and sound detection, it is now
believed that air bladder in fishes originally functions
as an accessory air-breathing organ. Teleosts in which.
the swim bladder acts asan air_-breathing organ are
Arapaima, Gymnarchus, Erythrinus, Umbra, Notopterus
and Phractolemus. Only in lungfishes, Protopterus,
Lepidosiren and Neoceratodus, the structure of swim
bladder is more complex and it acts almost like a
vertebrate lung. The approximate blood to air diffusion
distance in Protopterus is about 0.50 um (See Munshi, 1976).
Apart from the specialised air--breathing organs
described above, some fishes, such as Symbranchus
Hypopomus, Anguilla and Periopthalamus are able to use
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their gills for air breathing (Berg and Steen, 1965
Schottle, 1931). In these fishes, the gills are structurally
modified to prevent collapse during air exposure. Among
many air-breathing fishes (e.g. Amphipnous, Anguilla),
the skin serves as an organ for gas exchange.
2.2.2. Structure of the suprabranchial organ in Ophiocephalus
0. maculatus, like other species of 0phiocephalus,
has a pair of specialized air-breathing organ which
develops as the dorsal diverticula of the pharynx (Fig. 2.2).
These suprabranchial organs communicate with the richly
vascularized wall of buccal cavity (personal observation,
Yu and too, 1984; Ishimatsu et al, 1979). The following
description of the air-breathing organ is mainly taken
from the work done on the species 0. ar us (Wu and
Chang, 1947; Fukuda, 1971; Ishimatsu et al, 1979),
0. punctatus (Munshi, 1962) and 0. striatus (Das, 1928












Figure 2.2. A view of Ophiocephalus striatus dissected
from the ventral side to show the anterior
and posterior recesses (Post. Rec) of the
suprabranchial chamber, inhalent (Inh. Apr.)
and exhalent aperture (Exh. Apr.), transverse
process of the hyomandibula bearing the
nodular labyrinthine organ (Lab. org.)
shutter (SHT), gill arches and the vascular
"islets" on the margin of the anterior recess
and on the roof of the posterior section of
the pharynx.
Adapted from Nunshi (1976).
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Das (1928) showed that the air-breathing
organs are developments of pouches of the pharynx..
They develop first as a thickening of the pharyngeal
epithelium, on each side of the mid-dorsal line above
the first gill arch. The thickening is subsequently
hollowed to form a pocket. The suprabranchial chamber
extends into the opercular cavity and is incompletely
divided into compartments by a shelf-like transverse
outgrowth- from the hyomandibula. The anterior and
posterior compartment communicate freely with each
other. There is also connection of the posterior chamber
with the pharynx through an inhalent aperture. This
aperture-, unlike the inhalent aperture to the anterior
compartment, is guarded by a shutter of dendritic plate
borne by the first branchial arch. Munshi (1976) suggested
that the wall of the posterior compartment of the supra-
branchial chamber is contractile due to the presence
of the constrictor suprabranchialis muscle (levatores
externi two and three). However, in a study of the
branchial apparatus and muscle of Ophiocephalus, Liem
(1980) argued against a functional role of the reduced
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levatores externi two and three in the constriction
of the surabranchial chamber.
The suprabranchial organ is lined by a respiratory
membrane containing islets of vascular papillae
(Munshi, 1976). The vascular papillae are separated
from each other by the highly folded micro air-pockets.
The papilla wall is lined by endothelial cells external
to which the basement membrane forms the structural
layer. A single or double layer of epithelial cell
covers the aerial surface of the papilla. The air-
blood distance in air-breathing organ is relatively
thinner than the water-blood distance in gill (Munshi,
1976). The air-blood pathways in Ophiocephalus s pp
are relatively thicker compared with those in other
air-breathing fishes (Munshi, 1976). A valve like structure
(Hughes and Munshi, 1973) separates the blood in the
afferent and efferent capillaries of each vascular
papilla.
Morphometric study of the gills of 0. punctatus
reveals that the gills of 0. punctatus seem to be less
efficient than those of other air-breathing fishes
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studied as far as the higher weight groups are concerned.
The gill area in 0. punctatus increases by a power
of 0.592 (gill area= 470 body weight 0.592 and
this power function is the smallest among the fishes
studied. Because the power functions in all fishes
are less than 1, the weight specific gill area per
unit body weight decreases with increasing body weight.
(see Munshi, 1976).
In a study of the oxygen uptake in juvenile and
adult 0.marculius, Ojha et al (1979) observed that
juveniles did not asphyxiate when they were prevented
to surface, whereas adults did succumb under this
condition. It is presumed that the gills of the juvenileE
are efficient enough to meet the minimum oxygen require-
ment for basal metabolism of the fish so that it could
survive even during submergence in aerated water.
In adult, on the other hand, the oxygen uptake efficiency
of gills (gill area) decreased with increasing size
and therefore the gilts could not cope with the increased
oxygen demand of the heavier fish. From these studies,
it could be suggested that the juveniles(lower-weight
group) are facultative air-breathers,but adults (higher-
weight group) are obligatory air-breather.
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2.2.3. The circulatory system of air-breathing fishes
The circulatory system of fish is basically an
in series system in which the single ventricle of
the heart pumps the blood through the gills and the
highest efficiency will prevail when the air-breathing
organ is perfused with systemic venous blood and when
the respiratory efferent blood is passed directly to
systemic circulation. However, the circulatory arrange
ments seen in air-breathing fishes are far from this
ideal perfusion pattern. Figure 2.3 summarizes the
various circulatory system of air-breathing fishes.
All air-breathing fishes show a parallel arrangement
between the respiratory and systemic vascular beds.
That is, the oxygenated blood after perfusing the air-
breathing organ is shunted back to the heart before
blood is redistributed to systemic and respiratory
organs. As a result, the oxygenated blood returned
to the heart from the air-breathing organ may lose
its oxygen to the water as it passes through the gill
lamellae. This branchial lose of oxygen is especially
severe when the fish is exposed to hypoxic water since
oxygen tension in the lamellar blood is higher than
Figure 2.3. Schematic representation of the heart and vascular beds
in relation to the aquatic (gills) and aerial respiratory organs
in air-breathing fishes. The amount of white and black represents
only the approximate level of oxygenated and deoxygenated blood
carried in the vessels. (A) General piscine arrangement with the
branchial (gill) and systemic (tissues) vascular beds in direct series.
(B) Air-breathing organ derived from pharyngeal andor opercular mucosa.
Arrangement typical of Monopterus, Ophioceohalus, Electrophorus,
Amphipnous, Periopthalmus and Anabas. (C) Gills, buccal mucosa,
or chambers extending from the opercular cavity serving as air-breathing
organs. Clarias, Saccobranchus, and in part, Symbranchus and
Hypopomus typical type of C. (D). Air breathing organ associated
with the gastrointestinal tract. Arrangement typical in Hoplosternum,
Plecostomus and Ancistrus. (E). Air bladder serving as air-breathing
organ. Arrangement typical of Polyterus, Amia, and Lepisosteus.
(F) Air bladder structurally advanced to resemble amphibian lung.
Arrangement seen in lungfishes
Adapted from Johansen (1970). In: Fish Physiology (W. S. Hoar and
D. J. Randall eds.) Vol. IV. p.374. Academic Press.
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that of the surrounding water. This deficient circulatory
arrangement occurs to various degrees in all air-
breathing fishes except the very few fishes (e.g.
Clarias, Saccobranchus) which have their air-breathing
organs placed between the gills and the systemic
circulation so that mixing of blood does not occur.
2.2.4. The circulatory arrangement in Ophiocephalus
As shown in Figure 2.3, the oxygenated blood from
the capillaries of the air-breathing organ of Ophiocephalus
is returned to the heart through the anterior cardinal
vein as in most other air-breathing species. This
circulatory arrangement exposes the blood from the
capillaries of the air-breathing organs to lower pressure
of the cardinal vein rather than the arterial pressure.
of the dorsal aorta. Thus, the average pressure within
the vascular bed must be lowered. This lower pressure
in the capillaries of the air-breathing organ is important
because an excess of hydrostatic over colloid osmotic
pressure as found in gill lamellae of fish would prove
disadvantageous in the air-breathing organ (Satchell,
1976). This excess pressure would favour an outward
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movement of water across the capillaries of the air-
breathing organ in absence of the counteracting osmotic
pressure in the surrounding water.
Vascular shunts are found between the ventral
and dorsal aortae. The presence of these vascular
shunts serve to minimize the branchial oxygen loss.
In 0. argus, the secondary lamellae in the fourth gill
are vestigial, the afferent and efferent vessels of
the gill arch are connected by clustered loops of small
blood vessels (Wu and Chang, 1947 Ishimatsu et al,
1979). In 0. striatus and 0. punctatus (Hyrtl, 1853)
the third and fourth branchial arteries pass directly
up to the dorsal aorta.
A characteristic circulatory arrangement of
Ophiocephalus is the presence of two ventral aortae.
In large 0. maculatus (30 to 40cm) examined by Ishimatsu
et al (1979), these aortae are of about the same diameter.
However, in smaller 0. maculatus (20 cm), we have noted
a larger anterior ventral aorta (ava.) compared with
the posterior ventral aorta (pva) (personal observation,
Yu and Woo, 1984). The ava gives off the first and
second afferent branchial arteries. Blood from efferent
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branchial arteries of these two gill arches constitutes
afferent blood supply to the air-breathing organ.
The pva divides into the third and fourth afferent
branchial arteries shortly after branching from the
bulbus arteriosus. The pva supplies blood to the
third and fourth gill arches. Blood from third and
fourth efferent branchial arteries is distributed to
the systemic circulation through dorsal aorta. This
arrangement of the aortic arches resembles the situation
in higher vertebrates where pulmonary and systemic
circulation are separated by the presence of separate
aortae from heart.
Another characteristics of Ophiocephalus is the
absence of the sino-atrial valve in the heart (Ishimatsu
et al, 1979). This valve plays an important role in
maintaining a unidirectional flow through the heart,
especially during the contractions of the atrium.
The implication of the absence of sino-atrial valve
in Ophiocephalus is unknown. Atrio-ventricular and
ventriculo-bulbar valves are found in 0. argus and
0. maculatus (Ishimatsu at al, 1979) as in other teleost
fishes. There is no report on the presence of valve
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guarding the opening of the bulbus arteriosus into
ventral aortae. Conal valves are found in lungfishes
(Dipnoi) and are suggested to play an important role
in the separation of systemic from pulmonary circulation
during diastole (Satchell, 1976).
27
Table 2.1. A List of Representative Air-Breathing Fishes Arranged According to the Type of Their
Structural Adaptation




(i) Bucco-phyaryngeal Electrophorus Rivers and Air breathing Air breathing domi-
organ electricus swamps of obligatory nates 02 absorption;
South America CO2 elimination via
vestigial gills and
skin
(ii) Suprabranchial Ophiocephalus Tropical pools, Air breathing Estivates
organ punctatus Asia and Africa obligatory
(iii) Pharyngeal Amphipnous Rivers in north- Facultative air Estivates, gills more
"lung" cuchia ern India and breather reduced than in other
Burma air-breathing fishes
(iv) Modified opercular Hypopomus Swamps and rivers, Gills capable of both
chamber brevirostris South America aerial and aquatic
breathing
Type of air breathing Species Habitat Relative importance
of air breathing
Remarks
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Adapted from Johansen (1970). Air Breathing in F ishes. In. Fish Physiology, Eds. by Hoar W. S. and
D.J. Randall. pp. 366-368
31
2.3. OCCURRENCE OF HYPOXIA IN FISH
At the organismal level, hypoxia occurs when the
oxygen available is less than that under normal conditions
(normoxia). Hypoxia, at the cellular level, refers
to the lack of oxygen for the oxidation of substrate
in the cell. Therefore, a concept of a chain for
the transfer of oxygen from the environment to the
cell is very useful for the discussion of hypoxia
in fishes. As shown in Figure 2.4, any resistance
or increase in resistance at any site in the chain
of oxygen transfer can give rise to hypoxia at
the cellular level. The conditions that will Lead
to hypoxia in fish are reveiwed as follows :
(i) Hypoxic environment
The driving force for the transfer of oxygen
from surrounding water to the blood in the respiratory
organ of the fish depends on the gradient of oxygen
tensions between these .media. Environmental hypoxia
may be due to a number of factors, but most commonly,
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Figure 2.4. Diagram indicating changes in 02 tensi
along the respiratory chain of fish from
the external water (Pin) to the mitochondria
(Pmit).




This is not usually found in fish naturally
because respiration is highly coupled to the oxygen
demand of the fish under normal condition.
(iii) Impairment of gas exchange at respiratory
surfaces
The diffusion exchange across the respiratory
surfaces depends on the blood-water distance (water-
breathing fishes) or blood-air distance (air-breathing
fishes). Blockade of the gas exchange at the re-
spiratory surfaces may be due to effect of pollutants
(Hughes, 1973, Larsson, 1973) or heavy metals
(Skidmore, 1970; Burton et al, 1972).
(iv) Non-respiratory shunts
The shunting of venous blood, passing by the
respiratory surfaces of the gills, is suggested
in vTater-breathing fishes (Richards and Fromm,
1969; Hughes et al, 1982) and in air-breathing
fishes (Johansen et al, 1970; Rahn et al, 1971).
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Alternatively, recruitment of secondary lamella(
can also control the extent and distribution of
blood exposed to water (Davis, 1972, Booth, 1978).
Blood shunting or lamellar recruitment is known
to be affected by hormonal changes (Rankin,
1976 Hughes et al, 1982). Excessive flow
of blood in the shunt pathways could result in
hypoxia.
All the above conditions would lead to a fall
in oxygen tension in blood and are usually denoted
as hypoxic hypoxia.
(v) Anemic hypoxia
A decrease in hemoglobin concentration can
arise from chemical poisoning (Holeton, 1971) or
pathological state of fish.
(vi) Ischemia (venous hypoxia)
Any reduction in delivery of oxygen to the
tissue by hypoperfusion will render the tissue
hypoxic. Other conditions that will lead to cellular
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hypoxia include inhibition of oxidative respiration
in mitochondria by chemicals intensification of
aerobic metabolism in cells, etc..
The aim of this study is to investigate how
the respiratory, cardiovascular and metabolic adjust-
ments in the fish 0. maculatus prevent or minimize
cellular hypoxia in order to survive in their naturally
hypoxic environment.
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2.4. PHYSIOLOGICAL RESPONSES TO HYPOXIC CONDITIONS
2.4.1. Respiratory responses
2.4.1.1. Oxygen consumption and ventilation
Oxygen consumption of most fishes is independent
of environmental partial pressure of oxygen (Po2) at
relatively high Po2. As Po2 is lowered, a limit is reached
below which the oxygen consumption decreases with
decreasing Po2 (respiratory dependence) (Beamish,
1964; Fry and Hart, 1948). The Po2 at which this
transition from respiratory independence to respiratory
dependence occurs is called the critical 02 tension.
In most of the freshwater fishes, oxygen uptake is
reduced only at very low Po2 (Hughes, 1964; Beamish,
1964) and these fishes are described as oxygen regulators.
Acipenser transmontanus (Burggren and Randall, 1978)
and Ictalurus punctatus (Gerald and Cech, 1970) are
the only known freshwater oxygen conformers. On the
other hand, oxygen conformity appeared to be a common
feature in marine teleosts (Farrell and Daxbeck, 1981;
Wu and Woo, 1984).
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The above relationship between ambient Po2 and
oxygen consumption holds true only when the standard
(resting) level of oxygen consumption is measured.
It has been shown that active oxygen consumption falls
gradually upon decrease in water Po2 until it equals
to the standard rate (Beamish, 1964). Limitations
in the gas exchange system and the occurrence of
anaerobiosis are the main factors affecting the
respiratory dependency curves.
In order to extract more oxygen from the hypoxic
water, teleosts usually increase the ventilation
volume both by increasing ventilation frequency and
ventilatory stroke volume with the latter being more
important (see Shelton, 1970). These respiratory
responses do not apply to the elasmobranchs which do
not show branchial response to hypoxia (Butler
and Taylor, 1971; Piiper et al, 1970). However, the
increased metabolic cost of branchial movement and the
decreased utilization of oxygen pose an effective
upper limit for increasing gill ventilation (Hughes
and Shelton, 1962). An assessment of the costs of
branchial respiration is difficult and wide variations
38
in the estimated costs of breathing, ranging from
0.5% to 70% of the total metabolism have been reported
(Alexander, 1967 Cameron and Cech, 1969; Schumann
and Piiper, 1966). Decrease in utilization of oxygen
during hypoxia in fish is common (Randall and Jones,
1973; Itazawa and Takeda, 1978). In normoxic water,
most fish remove about 40 to 80% of the available
oxygen in the water (Shelton, 1970). The reduction
in utilization of oxygen in water during hypoxia is
mainly related to the large increase in volume of
water passing through the gills (Hughes, 1966; Randall,
1970 ). Fish may increase its ventilation volume
by 10 to 20 folds in response to severe hypoxia (Shelton,
1970; Itazawa and Takeda, 1978).
The regulation of breathing in fish has been
reviewed by Shelton (1970). It is generally accepted
that oxygen supply is the major factor for respiratory
control in fish (Dejours, 1973; Dejours et al, 1977).
However, very little is known of the location of oxygen
receptors or the neurophysiology responsible for
the respiratory responses-to hypoxia. Nevertheless,
the first gill arch has frequently been considered
to be important for the respiratory control in teleost
fish (see Laurent, 1975).
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The respiratory responses of air-breathing fishes
to hypoxic water depend on their relative dependence
on water and aerial respiration in the overall gas
exchange. Facultative air-breathers like Ancistrus
(Graham and Baird, 1982), Neoceratodus, (Johansen et
al, 1967), Anabas (Hughes and Singh, 1970) show an increase
in branchial ventilation flow during exposure to hypoxic
water. On the other hand, obligatory air-breathing
fishes like Protopterus (Johansen and Lenfant, 1968)
and Electrophorus (Johansen et al, 1968; Farber and
Rahn, 1970) show no branchial response to hypoxic
water. The absence of ventilatory responses to hypoxic
water may be related to the reduction of the diffusion
contact between surrounding water and the blood or to
a specific specialization of chemoreceptors (Johansen,
1971).
In most facultative air-breathing fishes and
some obligatory air-breathing species like 0phiocephalus
argus (Itazawa and Ishimatsu, 1981), exposure to hypoxic
water initiates or enhances aerial respirationSingh.
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1976), although the stimulation of air-breathing is
usually much slower in onset than the increase in
branchial breathing. As a result, while the oxygen
uptake from the hypoxic water decreases,the oxygen
uptake from air increases. Such adjustments of oxygen
uptake from air and from water by bimodal air-breathing
fishes have been reviewed by Johansen (1970), Singh
(1976),Stevens and Holeton (1978). The increase in
aerial respiration in response to hypoxic water, however.
may not compensate for the reduced oxygen uptake from
hypoxic water as observed in Clarias (Singh and
Hughes, 1971), Heteropneusteus and Piabucina (Graham,
1977). In obligatory air-breathing Arapaima, there
is no increase in aerial oxygen uptake in hypoxic
water (Stevens and Holeton, 1978). In these fishes,
a depression of metabolic rate or shift to anaerobiosi.c
may occur. In the facultative Anabas (Hughes and
Singh, 1970), Hoplerythrinus (Farrell and Randall,
1978) and the obligatory air-breathing Ophiocephalus
argus (Itazawa and Ishimatsu, 1981), there are no
reduction in total oxygen consumption when the fishes
are exposed to hypoxic water.
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Control of breathing in air-breathing fishes
is more complex than that in water-breathing species..
If the primary goal of respiration is to satisfy the
metabolic needs in fishes, internal parameters such
as oxygen and carbon dioxide tension and pH of blood
have to be maintained. Since air-breathing fishes
breathe air of stable gas levels, control of breathing
can be based on the chemoreceptor system sensitive
to respiratory properties of blood. A study on ProtopteruE
showed. an direct relationship between arterial Po 2
and the aerial ventilation frequency similar to the
conditions in other air-breathers (Lahiri et al, 1970).
External chemoreceptors in the buccal cavity and on
the gills are also suggested by the ventilatory responses
to both hypoxic water and gas (see Johansen, 1970).
Inhalation of hypoxic air into the lung of Protopterus
(Johansen and Lenfant, 1968) stimulates air breathing
at a higher blood Pot than those recorded when'the
fish air-breathes innormoxic air. The presence of
chemoreceptor in the buccal mucosa or in the vascular
bed of the mouth was demonstrated by the prompt ventilatory
response to changes in composition of inhaled air
(Johansen et al, 1968). This study also ruled out
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a location of chemoreceptor in systemic arteries.
This is because the shunting of blood from the pharyngeal
air-breathing organ to the heart will make the resulting
change in Po 2 of the arterial blood not representative
of the ambient Po 2 due to mixing of blood in heart.
The rapid ventilatory response also indicates peripheral
rather than central chemoreceptors.
In fact, a coupling of the control of water and
aerial ventilation has been demonstrated..imodal
air-breathing fishes such as Lepisosteus (Smatresk
and Cameron, 1982) and Amia (Johansen et al, 1970).
Amia (Johansen et al, 1970) and Lepisosteus (Smatresk
and Cameron, 1982) decrease their branchial ventilation
during exposure to hypoxic water. This depression
of branchial respiration is suggested to reduce the
branchial oxygen loss to the hypoxic water (Johansen,
1970) and to reduce total metabolic cost (Shelton,
1970). Nevertheless, water and aerial ventilation
can be both individually controlled and mutually controlled
in air-breathing fishes. Further study on the location,
structure, and sensory mechanism of the chemoreceptors
in air-breathing fishes would help to understand the
evolution of the control of breathing in vertebrates.
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The air-breathing organs in fishes are mainly
responsible for oxygen absorption and show a low gas
exchange ratio (respiratory quotient). Thus air-breathing
fishes rely on their gills or skin to excrete carbon
dioxide. Lenfant and Johansen (1968) showed that
gills are about 2.5 times more effective than the
lungs in elimination of carbon dioxide in Protopterus.
In Lepidosiren, a respiratory quotient of 10 was reported
for the skin of Lepidosiren in water (Cunningham,
1934).
2.4.1.2. Blood respiratory properties
Studies of the respiratory properties of blood
in relation to the physiological ecology of fishes
have revealed much correlations but less generalizations
(Johansen and Lenfant, 1972; Powers et al, 1979; Riggs,
1979). With the exception of hemoglobinless antarctic
ice fish (Ruud, 1954), oxygen is transported by the
hemoglobin within the red blood cells of fish. The
chemical and structural properties of fish hemoglobin
in relation to its function have been reveiwed by
Riggs (1970). About 7% of the oxygen in blood is
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carried in the plasma of Port Jackson sharks in aerated
water (Grigg, 1974) whereas oxygen is carried in the
blood of hemoglobinless Chaenocephalus by plasma only
(Ruud, 1954 Holeton, 1972).
In comparison between different species of fishes,
it is noted that cyclostomes and elasmobranchs generally
have lower blood oxygen capacities than teleosts, particularly
the more active ones. The higher blood oxygen capacity
of more active pelagic fish than more sluggish fish
may be related to the higher oxygen consumption and
certain characteristics of the oxygen dissociation curve
(Grigg, 1974). It also seems that many air-breathing
fish tend to have higher blood oxygen capacity (Johansen
and Lenfant, 1972), but as Powers et al (1979) pointed
out, this may be related to the adaptation of many of
these fish to oxygen-deficient water rather than to
air-breathing habits. Other selection pressure for
a high blood oxygen capacity in air-breathing fishes
may come from the enforced partial unsaturation of
blood resulting from mixing of oxygenated and venous
blood in the heart (Satcheil, 1976). The correlation
between blood oxygen capacity and activity of fish
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is also complicated by the fact that more active
pelagic fishes live in a relatively aerated environ-
ment and more sluggish fishes inhabit stagnant waters
(Riggs, 1970). Thus,although. the respiratory properties
of blood are frequently described in relation to
metabolic requirements (activity) or to the environ-
mental oxygen levels, these factors cannot be considered
sPnaratPly_
In order to maintain the oxygen supply to tissues,
blood must be capable of combining with oxygen at ambient
Pot and unloading oxygen at tissue Pot. The conditions
at which oxygen is loaded and unloaded by blood are deter-
mined by the shape of its oxygen dissociation curve,
oxygen affinity and the sensitivityof hemoglobin to modifying
factors such as Pco2, pH, temperature and intraerythrocytic
organic phosphates (Gillen and Riggs, 1971).
In contrast to the sigmoidal shape of mammalian
oxygen dissociation curve (Hill's coefficient n
2.2- 2.9) (Prosser, 1973), many fish have nonsigrnoidal
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oxygen dissociation curve with much lower value of
n (1.0- 2.2) (Grigg, 1974). Since the value of n
is taken as a measure of the heme-heme interaction,
the presence o.f nonsigmoidal (low value of n) oxygen
dissociation curve in whole blood of fishes with tetra-
meric hemoglobin indicates reduced heme-heme interactions.
It has been stressed that a sigmoidal blood oxygen dissocia
tion curve is advantageous because it allows a compromise
between a high oxygen affinity for loading oxygen
and a lower oxygen affinity for unloading at the tissues.
Investigations of the past two decades, however, have
shown that the advantages of sigmoidal blood oxygen
dissociation curve is overemphasized (Grigg, 1974).
Many fishes like Squalus (Lenfant and Johansen, 1966),
Trematomus bernacchii (See Grigg, 1974), Ictalurus (Haws
and Goodnight, 1962 Grigg, 1969, 1974), Cyprinus
(Black, 1940) and the air-breathing Symbranchus (Johansen,
1966)have non-sigmoidal blood oxygen dissociation
turves and are quite functional in oxygen transport.
iowever, it can be shown that more active species
Like Trematomus borchgrevinki (Grigg, 1974), Salmo
'Cameron, 1971), Salvelinus (Black et al, 1966) have
3igmoidal curve. The curves of air-breathing Electrophorus
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(Johansen et al, 1968), Lepidosiren (Johansen and
Lenfant, 1967), Protopterus (Lenfant and Johansen,
1968) and Neoceratodus (Lenfant et al, 1966) are also
sigmoidal.
Weber and Wood (1979) showed that phosphate cofactors
increase the n values of catfish hemoglobins. The
n values of hemoglobin also depend on pH. In Protopterus,
n is increased from 1.2- 1.4 below pH 6.5 to 2.0
- 2.4 above pH 7.5 (See Riggs, 1970). In contrast,
the water-breathing Gadopsis decreases the n value
from 2.5 at pH 6.5 to 1.6 at pH 7.0 (Dobson and Baldwin,
1980) The adaptive significance of changes of n values
in these conditions is not known.
The adaptation of blood oxygen affinity to the
respiratory needs of each species is obvious
(Johansen and Lenfant, 1972, Powers et al, 1979).
As for the blood oxygen capacity, oxygen affinity
is correlated with the availability of oxygen in the
environment and the activity characteristic of the species.
A high oxygen affinity is advantageous to fish in
oxygen deficient water where oxygen loading is important,
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while a low oxygen affinity may be an advantage in
very active species to facilitate unloading of blood.
oxygen at tissues.
An increased oxygen affinity of hemoglobin during
acclimation of fish to chronic hypoxia has been demonstrated
in eels (Wood and Johansen, 1972). Wood et al (1975)
also showed that acclimation of Pleuronectes to hyperoxic
water resulting in lowering of blood oxygen affinity.
The adjustment is linked to the changes in intraerythro-
cytic organic phosphate concentration, mainly ATP
and GTP.
Studies on blood respiratory properties of air-breath-
ing f ishes suggested that increased reliance on air-
breathing is associated with lower blood oxygen affinity
(Johansen and Lenfant, 1972). However, in an investi-
gation of fourty genera of Amazonian fishes,
Powers et al (1979) showed no differences in
oxygen affinity of water-breathers and air-breathers.
The lack of definite trend in oxygen affinity in relation
to air-breathing in fishes*is probably related to
the oxygen deficiency of their habitats which favours
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higher oxygen affinity in many air-breathing fishes.
The effect of carbon dioxide in reducing the
blood oxygen affinity (Bohr effect) and blood oxygen
capacity (Root effect) of fish was described by Krogh
and Leitch (191.9) and Root (1931). Both Bohr and
Root effects presumably facilitate unloading of oxygen.
Carter (1931) suggested that a low Bohr and Root effect
would be advantageous for air-breathing fish due to
the higher levels of Pco2 in the environment. However,
a significant Bohr effect has been shown in Electrophorus
(Johansen et al, 1968), Symbranchus (Johansen, 1966),
Neoceratodus (Lenfant and Johansen, 1968) and Amia
(Johansen et al., 1970). Moreover, in several Amazonian
air-breathing fishes, such as Arapaima, Ho lerythrinus,
Root-effect hemoglobins have been found (Farmer
et al, 1979).
Recent works on fish hemoglobin showed that multiple
hemoglobin are of commonoc-currence (Riggs, 1970;
(Fyhn et al, 1979). Differences in functional
properties of the various hemoglobin components has
been shown (see Bonaventura et al, 1975, Johansen
and Weber, 1976). Sullivan (1977) suggested that this
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heterogeneity respresents an adaptation to cope with
a variable environment. The biological significance
of this multiple hemoglobin was argued because no correlation
was found between hemoglobin multiplicity and fish
behaviour or habitat preference (Fhyn et al, 1979).
Moreover, hypoxia-acclimated eels showed no adaptive
changes in the multiplicity of hemoglobin (Weber et al,
1976).
Changes in blood gas level in response to hypoxic
water have been studied in rainbow trout (Holeton and
Randall, 1967), starry flounder (Watter and Smith, 1973),
winter flounder (Cech et al, 1977), carp (Itazawa and
Takeda, 1978) and dogfish (Butler and Taylor, 1975).
Both arterial and venous blood oxygen contents fall
during hypoxia. Hypoxia caused a rise in hematocrit
and this was suggested to be due to an increase in the
number of circulating erythrocytes and swelling of red
blood cells under increased Pco2. However, the contribu-
tion of the increased hematocrit to blood oxygen capacity
of hypoxic fish is small. An increase in hematocrit,
however, was not observed in the dogfish.
increase in oxygen affinity of blood during
acclimation of fish to hypoxic environment was usually
slowly induced (Nikinmaa and Soivio, 1982). The change
of intraerythrocytic organic phosphates during acute
exposure of fish to hypoxic water is insignificant.
2.4.2. Cardiovascular responses
2.4.2.1. Water-breathing fish
Cardiovascular responses to hypoxic conditions
have been reviewed by Randall (1970), Johansen (1971)
and Satchell (1971, 1978). The generalized cardiovascular
response to hypoxia is an increase in both dorsal
and ventral dorsal aortic pressure (Randall, 1982).
Cardiac output is maintained because a marked bradycardia
is offset by an increase in stroke volume (Holeton
and Randall ,1967a; Butler and Taylor, 1971, 1975;
Eddy, 1974; Piiper e_t a_l, 1970). The specific mechanism
for control of these cardiovascular responses to
hypoxia in fish, however,is not entirely known (Laurent
et a3,, 1983). Bradycardia during hypoxia was shown
to be caused by an increased vagal cholinergic tone
in the heart (Nilsson, 1983). The chemoreceptor
responsible for bradycardia reflex during hypoxia has
been located on the surface of first gill arch in the
region of the efferent vessel (Daxboeck and Holeton,
1978). Both central and peripheral chemoreceptors
responsible for bradycardia during hypoxia were suggested
by Laurent ejt aJL (1983).
Blood dopamine, adrenaline and noradrenaline levels
increased in the blood of dogfish in response to hypoxia
(Butler est al_, 1978). The teleost heart (Donald and
Campbell, 1982) has an extensive adrenergic innervation
whereas elasmobranchs have only a sparse adrenergic
innervation of the sinus venosus (Gannon et a_l, 1972).
Moreover, -adrenergic receptors have been shown to
be present in both teleost and elasmobranch hearts.
The fish heart showed both a positive inotropic and chrono¬
tropic response to catecholamines (Helgason and Nilsson,
1973; Cameron, 1979; Cameron arid Brown, 1981). However,
the role of increased circulating catecholamine level
in augmenting heart stroke volume during hypoxia is
uncertain. Short e_t suL (1977) showed that the increase,
in stroke volume during hypoxia in dogfish was due to
cardiac slowing by the Starling relationship.
Both systemic and branchial vascular resistance
increase during hypoxia (Holeton and Randall, 1967a,
Farrell eJL al, 1979). It was suggested that catechol¬
amines caused lamellar recruitment by increasing the
blood pressure in fish (Farrell e_t al, 1979). Randall
(1982) suggested that the rise in blood pressure during
hypoxia make the lamellae more rigid with each heart
beat. The rigid lamellae may be important for main¬
taining oxygen transfer during hypoxia which is characterized
by a large blood pulse pressure, bradycardia and a
large stroke volume. The increase in gill diffusing
capacity which occurs during hypoxia (Fisher e_t al,
1969) may be related to the increased lamellar recruitment,
a more even lamellar blood flow and more rigid lamellae
(Randall, 1982).
The ratio of water flow to blood flow through
the gills (ventilation perfusion ratio) ranges from
15:1 to 19:1 in normoxic water (Satchell, 1978).
This ratio increases greatly during hypoxia in trout
(Holeton and Randall, 1967b), Very little information
is available on the effects of hypoxia on the effective¬
ness of gas transfer in fish. Short et aHL, (1979)
demonstrated a small but insignificant increase in
transfer factor, To,during hypoxia in dogfish. However,
effectiveness of oxygen transfer to blood, Eb, was
decreased in dogfish in response to hypoxia. In contrast,
there was an increase in T02 but no change in Eb during
exposure of carp to hypoxic water (Takeda and Itazawa,
1979). The transfer factor can be altered by
changing the diffusion distance between blood and water
or by changing the pattern of blood or water flow
over the respiratory surface (Randall, 1970). More
investigation on the effect of circulatory change
in gill lamellae on the oxygen transfer during hypoxia
is needed.
2.4.2.2. Air-breathing fishes
Due to the different circulatory arrangement
of respiratory and systemic circuits in water-
breathing fishes and in air-breathing fishes (see
Section 2.2.3, the circulatory system of air-breathing fishes),
the regulation of circulation is somewhat different
in these two categories of fishes (Satchell, 1976).
Since most air-breathing fishes carry out bimodal respira-
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tion, perfusion of the two respiratory organs
(gills and air-breathing organ) and of systemic
tissues must be controlled simultaneously to regulate body
metabolism and the relative rates of gas exchange
via gills and accessory air-breathing organs. Johansen
(1970) 1971) and Johansen et al (1970) have shown
that in air-breathing fishes, blood may be shunted past
those parts of the respiratory surfaces which are not
used in gas exchange during particular moments or
conditions.
It is known that blood flow through the air-breathing
organ varies widely during different phase of the
ventilatory cycle. There is a marked increase in
blood flow following an air breath. Johansen et al
(1968) showed that the fraction of blood from the
heart passing to the air-breathing organ in the mouth
of Electrophorus is 72% following an air breath.
After 75 seconds, the blood flow to air-breathing
organ changed to 52% of the total cardiac output.
In Protopterus, blood flow through the lung increases
fourfold following an air breath (Johansen et al,
1968). The increase in blood flow to air-breathing
organ is accompanied by an increase in cardiac output
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in Protopterus (Johansen et al, 1968), Electrophorus
(Johansen et al, 1968) and Symbranchus (Johansen,
1966). Sudden changes of relative blood perfusion
induced by air-breath are, at least partially, due
to mechanical distension of the air-breathing organ
inside the mouth. This is shown by an increase in
heart rate and cardiac output when the mouth is artificially
inflated by nitrogen, air or oxygen. On the other
hand, increased air bladder perfusion following an
air breath in Hoplerythri_nus was done by redistributing
blood flow with no change in cardiac output (Farrell,
1978). Preferential perfusion of the third and fourth
gill arches and increased general systemic resistance
were suggested to be responsible for the blood redistribution.
The cardiac output of Neoceratodus, as determined
by Fick's principle, is shown to increase markedly
during exposure to hypoxic water. The ventilation
perfusion ratio of ills fall from 12 to 4 after
45 minutes exposure to hypoxic water. The ratio of
pulmonary blood flow to total blood flow rose with
increased aerial ventilation frequency (Johansen
et al, 1967). An increase in cardiac output during
exposure of Lepisosteus to hypoxic water was also
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observed (Smatresk and Cameron, 1982).
Although marked tachycardia is a typical response
(within a few seconds) following air breaths in Electrophorus
(Johansen et al, 1968) and in Anabas (Singh and Hughes,
1973), heart rate returns to normal and is followed by
bradycardia during the later phase of inter-breath intervals
It is noted that an air breath is usually repeated
after heart rate has fallen to 15- 30 min-' 1 (noromoxi.c
rate= 40 min-1). Moreover, bradycardia also occurs
in hypoxic water in Anabas when Po 2 of water falls
below 100 mmHg (Singh and Hughes, 1973). Singh (1976)
suggested that tachycardia immediately following an
air breath is associated with a greater availability
of oxygen in the air-breathing organ. On the other
hand, bradycardia during air breaths interval
is associated with a decline in Po 2 and an increase
in Pco2 in the suprabranchial chamber. Singh (1976)
further suggested that the tachycardia is due to reduced
vagal inhibition whereas bradycardia results from
increased vagal tone. The presence of vascular baroreceptors
and chemoreceptors on the gills or in the
buccal and suprabranchial cavities was suggested in
Anabas (Singh and Hughes, 1973).
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There are few studies of the blood pressure changc
during exposure of air-breathing fishes to hypoxic
water. Smatrask and Cameron (1982) showed that both
dorsal and ventral aortic blood pressure rose during
exposure to hypoxic water. However, there was no
change in branchial resistance as shown by
unchanged ratio of transbranchial pressure drop
to gill blood flow. Further studies along this area
will provide more information about the mechanism
responsible for the control of blood flow during
hypoxia and air-breathing.
No detailed study of nervous and humoral
control of cardiovascular system in air-breathing
fishes was done. It is generally assumed that
control was similar in both air-breathing teleost
and water-breathing teleost. Addition of high doses
of acetylcholine to the lungfish heart causes bradycardia
(Johansen and Reite, 1.968). However, atropine has
no effect on the heart of lungfish in vivo, indicating
the absence of a cholinergic vagal tone on the heart
(Johansen and Reite, 1968).
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Among air-breathing fishes, only the heart of
dipnoans was in part structurally adapted for accomodation
of two bloodstreams by having partial atrial and ventricular
septa (Satchell, 1976). Evidences showed that the
two blood streams entering the atrium remain largely
separate in their passage through the heart to the
branchial arteries in Protopterus (Johansen and Hol,
1968 Johansen et al, 1968). Recently, blood gas
analysis indicated that separate blood streams also
existed in the heart of 0phiocephalus argus (Ishimatsu
and Itazawa, 1983). This was shown by the difference
in blood oxygen levels in the outflow vessels of the
heart. However, the authors failed to find any morphological
septation in the heart of Ophiocephalus as in lungfishes.
2.4.3. Metabolic responses
2.4.3.1. Water-breathing fishes
Some fishes are known to be able to withstand
considerable period of environmental hypoxia e.g.
carp and goldfish (Blazka', 1958 Van den Thillart
and Kesbeke, 1978). This impressive capacity for
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tolerating hypoxia was found to correlate with
environmental oxygen availability. Thus Mathur (1967)
demonstrated that the Rasbora, a cyprinid fish common
to small ponds and streams of India, could survive in
a sealed jar for more than 100 days. There were reports
that the lethal threshold for hypoxia was lowered when
fish was acclimated to hypoxia (Shepart, 1955; Anderson,
1975). The high anaerobic capacities of european carp also
allow the fish to survive in small lakes which freeze
over in winter and thewater becomes totally anoxia
(see Hochachka, 1980).
Although the respiratory and circulatory changes
of fishes in response to hypoxic environment help to
maintain the oxygen supply for the metabolic demand,
there are limitations on ventilation (frequency and
stroke volume), surface exchange (area and thickness)
transport (cardiac output and blood oxygen capacity)
and tissue uptake (arterial-venous oxygen difference).
Moreover, the metabolic advantages of these physiological
adjustments such as changes in ventilation volume and
cardiac output are limited by their respective metabolic
cost. Thus, many fishes exploit body oxygen store,
shifts to anaerobiosis or slow down metabolism in
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response to hypoxic environment (see Hochachka, 1980).
Another complication is related to the varying
vulnerability of different organs to hypoxia. During
hypoxia, some organs like brain remain relatively
well perfused while peripheral organs such as muscle
are hypoperfused (Lahiri et al, 1970). As a result,
the peripheral organs must rely on anaerobic metabolism.
In most teleosts,anaerobic glycolysis of glucose
or glycogen to lactate provides the main source of energy
production in hypoxia (Heath and Pritchard, 1965;
Jorgensen and Mustafa, 1980). However, some species
were found to possess alternative anaerobic pathways
(Hochachka, 1980).
In crucian carp, Blazka (1958) showed that anaerobic
metabolism did not result in the accumulation of lactate.
Instead, volatile fatty acid accumulated. Accumulation
of lipid was also observed in liver of black sea bream
during hypoxia (Woo and Wu, 1984). Hochachka (1980)
suggested that the production of lipid during anaerobic
metabolism in fish may follow a pathway which is essentially
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a reversal of B-oxidation as described by Whereat
et al (1967) in mammalian system. Formation of lipid
during hypoxia would help to regenerate NAD+ within
mitochondria. This NAD+ contributes to maintain an
oxidizing potential, particularly for pyruvate dehydro-
genase reaction. Moreover, acetyl unit is conserved
in a storage form of lipid for reoxidation upon return
to aerobic condition. Lipids, unlike other anaerobic
products, are relatively harmless and do not lead
to acid-base imbalance.
In recent studies (Johnston, 1975 Jorgensen
and Mustafa, 1980; Smith and Heath, 1980) alanine
and succinate were found to accumulate in addition
to lactate during hypoxia of fishes. One most probable
explanation for the accumulation of alanine is due
to the increased availability of pyruvate from activated
glycolysis. Enhanced transamination of pyruvate by
glutamate-pyruvate transaminase results in accumulation
of alanine. The pathway for the formation of succinate
in tissues of hypoxic fish is not known. In invertebrates,
the formation of succinate is coupled to alanine and
ATP formation (Hochachka and Somero, 1973). In flounder,
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accumulation of alanine in muscle was found during
hypoxia without concomitant succinate accumulation
(Jorgensen and Mustafa, 1980). The enzyme machineries
for the accumulation of these anaerobic products may
thus be different in invertebrate and fish.
In the study on the influence of oxygen
availability on the energy metabolism of goldfish,
Van den Thillart and Kesbeke (1978) provided evidences
for the anaerobic production of ammonia and carbon
dioxide. It was found that ammonia and carbon dioxide
production in goldfish was unchanged between aerobic
and anaerobic states (Van den Thillart and Kesbeke,
1978). The origin of anaerobic ammonia production is
obscure. Van Waarde et al, (1982) suggested that it
was derived in part from the deamination of the adenylate
pool and from certain free amino acid. Since metabolic
carbon dioxide and ammonia can only be produced when
there is a sink available for reducing equivalents, the
metabolic pathways responsible for these anaerobic products
are still unknown.
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Recently, Shoubridge and Hochachka (1980) found
that ethanol was produced and excreted into the surrounding
water in anoxic goldfish. They suggested that ethanol
served as a sink for the reducing equivalents during
production of carbon dioxide. Production of ethanol
in anoxic goldfish is due to the presence of a very
active alcohol dehydrogenase in muscle tissue (Mourik
et al, 1982). Under anaerobic conditions, muscle
pyruvate is decarboxylated in mitochondria by the
pyruvate dehydrogenase complex. Acetaldehyde thus
formed is reduced in the cytoplasm by alcohol dehydrogenase
(Mourik et al, 1982). Ethanol production was also
observed in carp following exposure to anoxia (Johnston
and Bernard, 1983).
The quantitative energetic contribution of these
alternative anaerobic pathways to the metabolic requirement
of fish in hypoxic conditions is not yet known. However,
functional advantages of the metabolic setup as that
found in goldfish have been suggested (Hochachka,
1980):
(i) It minimizes build up of lactate and prevents
acidosis;
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(ii) it generates ammonia from amino acid catabolism
and contributes to acid base regulation;
(iii) it produces diffusible anaerobic endproducts
such as carbon dioxide, ethanol and ammonia.
2.4.3.2. Air-breathing fishes
Air-breathing fishes represent yet another group
of hypoxia-adapted fish because of the general oxygen
deficiency of their habitats (Dehadrai and Tripathi,
1976). Air-breathing fishes are expected to possess
striking anaerobic capabilities because of various
limitations on air breathing (Kramer et al, 1978).
The potential disadvantages of air breathing include
risk of predation on the trip to surface (Kramer and
Fraham, 1976), the metabolic cost of "surfacing" (Dehad.rai
and Tripathi, 1976); the need for higher coordination
of branchial movements and interference of air--breathing
on non-respiratory functions of gills (eg. ionic regulation).
Enzymatic studies of air-breathing Arapaima
(Hochachka et al, 1978a,b)', Lepidosiren, Symbranchus
(Hochachka, 1980) and Protopterus (Dunn et al, 1983)
showed that heart was the most oxidative tissue but it
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also had the greatest anaerobic potential. The
brain displayed relatively low oxidative but high
anaerobic capacities. White muscle lacked oxidative
capacity. Both liver and kidney had high potential
for gluconeogenesis.
It has been shown that air-breathing mudskipper
did not accumulate lactic acid in its blood, whereas
air-breathing eel produced lactic acid and developed
oxygen debt during air exposure (Berg and Steen, 1965).
Forced submergence or diving in lungfish also triggered
anaerobic metabolism in heart and brain as shown by
lactate accumulation (Dunn et al, 1983). In diving
lungfish, hepatic glycogenolysis was stimulated to
provide glucose for heart and brain. Hochachka (1980)
suggests that metabolism of lactate produced from
anaerobiosis during diving of lungfish is carried out
in heart, kidneys and liver. In liver and kidney,
substantial fraction of lactate taken up is converted
back to glucose whereas in heart, lactate is oxidized.
Other metabolic studies in air-breathing fishes however,
are lacking.
67
2.4.4. An integrated strategy
An integrated strategy is shown by both water-
breathing and air-breathing fishes in response to
hypoxic environments (Fig. 2.5). Respiratory, cardio-
vascular and metabolic adjustments serve to increase
the efficiency of oxygen uptake and reduce oxygen demand.
Apart from these physiological responses, there appears
to be various behavioural responses of fish to hypoxic
environments (Davis, 1975). Many fishes show definite
avoidance responses to water of low oxygen (Jones, 1952
Whitmore et al, 1960 Hoglund, 1961).
Among various adaptive strategies displayed by
fish to hypoxic environments, air breathing is one of
the most interesting adaptation. It is interesting
because such respiratory strategy has important implications
for many aspects of physiology, behaviour and ecology
of the air-breathing species. These include blood
circulation pattern, metabolic rate and scope, mode of
feeding, habitat requirements and defense against predators
(Kramer et al, 1978). Facultative air-breathing fish
is a particularly excellent object for investigations
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because it utilizes more than one respiratory strategy
(bimodal respiration). Studies on the physiological
responses of facultative air-breathing fishes to hypoxic
environment will certainly help to elucidate how these
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Figure 2.5. Schematic representation of the integrated response to hypoxic
environment in fish. Specific changes depend on particular
species and environmental conditions.
(triangle means increased parameters, inverted, triangle means
decreased parameters).
CHAPTER THREE EFFECTS OF AMBIENT OXYGEN TENSION AND
TEMPERATURE ON BIMODAL RESPIRATION
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3. 1 SUMMARY
1. Bimodal oxygen consumption of Ophiocephalus maculatus
was measured at 15°C and 25°C in water of different
oxygen tensions (Pwo2).
2. Increase in total oxygen consumption (Vo2) at higher
temperature was mainly due to increase in aerial oxygen
consumption (Vao2). Vao2 accounted for 34% and 60%
of the total Vo2 at 15°C and 25°C respectively.
3. During exposure to hypoxic water (Pwo2 30 mmHg),
water oxygen consumption (Vwo2)decreased while Vao2
increased so that the total Vo2 remained nearly constant
at both temperatures.
4. Vao2 in hypoxic water was limited by the rate of
oxygen absorption in the air-breathing organ. Marked
increase in aerial ventilation frequency resulted
in less oxygen utilized per air--breath.
5. Gill ventilation frequency was decreased in hypoxic
water. No branchial oxygen loss was observed when
Pwo2= 20mmHHg. the possible mechanisms for prevention
of branchial oxygen loss in hypoxic water are discussed.
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3.2 INTRODUCTION
It is known that many air-breathing fishes can extract
oxygen from both water and air concurrently (bimodal
respiration). Most of these air-breathing fishes inhabit
oxygen-poor waters of tropical rivers and swamps (Dehadrai
and Tripathi, 1976). These fishes develop a variety of
accessory breathing organs for aerial respiration such
as opercular air chamber, pharyngeal lung, modified
stomach, intestine, swimbladder and skin. Examples of
fishes using pharyngeal or suprabranchial chamber as air-
breathing organ are Electrophorus, Amphipnous, Monopterus
and Ophiocephalus (see Johansen, 1970). The structure
and circulatory arrangement of the gills and air-breathing
organ in Ophiocephalus or Channa were described by Munshi
(1976) and Ishimatsu et al (1979)_
Recently, Itazawa and Ishimatsu (1981) studied the
bimodal gas exchange in 0. au s in relation to ambient
oxygen tension. Although the circulatory arrangement
in the air-breathing organ is similar in both 0. argus
and the species studied in the present experiment,
0. maculatus (Ishimatsu et al, 1979), the relative
dependency on aerial respiration in these two species
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are different. Preliminary observations (Yu and Woo,
unpublished) showed that 0. maculatus, unlike 0. argus
which succumbed in aerated water when it was fully sub-
merged (Itazawa and Ishimatsu, 1981), survived on water
breathing alone in aerated water for at least three days.
Thus, it is interesting to find out whether these closely
related species will have different respiratory physiology.
The effects of ambient temperature on bimodal oxygen
consumption and ventilation frequency of air-breathing
fishes have received scant attention. Since ambient
temperature is an important factor affecting oxygen
consumption of ectotherms, the response of air-breathing
fish to hypoxic water is expected to be markedly affected
by temperature. However, the relation between ambient
temperature and the bimodal respiration of air-breathing
fish has been studied in only few species (Johansen, 1970;
Smatresk and Cameron, 1982).
The present study provides additional data on the
effects of both ambient oxygen tension and temperature on
the relative roles of water and aerial oxygen consumption
in an air-breathing fish, 0. maculatus. The respiratory
adaptation of 0.maculatus to hypoxic water at two temper-
atures is discussed and compared with other air-breathing
fishes.
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3.3. MATERIALS AND METHODS
3.3.1 Experimental animals
0. maculatus (150- 200g) of both sexes were pur-
chased from local market. They were kept for several
days without food in a well-aerated freshwater aquarium
before further treatment. Fish were then randomly
divided into two groups and kept at two different temp-
eratures (15± 1°C and 25± 1°C) for at least one week
before hypoxia experiments. The effects of different
water oxygen tensions (Pwo2= 130, 90, 70, 50, 30, 20,
10 mmHg) were tested in both groups at their respective
acclimation temnPrntirnc
3.3.2 Closed respirometry at constant temperature
Bimodal oxygen consumption (Vo2) and carbon dioxide
production (Vco2) were measured using a system of closed
respirometry modified from that described by Itazawa
and Ishimatsu (1981). The respirometer was a perspex
box which contained 4.3 litres of water and 100 ml
of air (Fig. 3.1). The oxygen partial pressure of
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water (Pwo2) was continually monitored using a Clark-
type electrode (Yellow Springs Instruments) connected
to an oxygraph (Gilson K-1C). The oxygen partial pressure
(Pao2) of the gas sampled from the conical air compartment
was measured by oxygen electrode/analyser system
(Radiometer E5046/PHM71). The partial pressure of
carbon dioxide in water (Pwco2) and in air (Paco2)
were measured by a carbon dioxide electrode/analyzer
system (Radiometer E5036/PHM71) as described by Chan
and Woo (1978a). The water temeprature inside the
respirometer was maintained constant by pumping the
water through a circulation thermostat (Technalab,
Julabo) by a varistaltic pump (Manostat). Fish were
weighed and introduced into the respirometer one day
before experimentation. The entire respirometer was
made air-tight by applying plasticine. During acclimation
period, air-saturated water was circulated through
the respirometer and fresh air was introduced into
the conical air compartment (AC). In hypoxia experi-
ments, the level of dissolved oxygen in the experimental
respirometer was adjusted to desired level by'replacing
the aerated water with the deoxygenated water from
an overhead reservoir (R). The water in the reservoir
was deoxygenated by bubbling pure nitrogen into the
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reservoir. This method of adjusting water oxygen tension
prevented disturbing the fish as would be caused by
bubbling nitrogen directly into the experimental
respirometer. The respirometer was occasionally flushed
with aerated water from the reservoir to maintain a
steady level of oxygen tension in water.
3.3.3. Bimodal respiratory parameters
The rates of water oxygen consumption (Vwo 2) and carbon
dioxide production (Vwco2) were determined from the changes
in Pwo2 and Pwco2 and, the solubility of the gases
under the experimental temperatures. Aerial gas exchange (Vao2
and Vaco2) was measured from the changes in Pao2 and Paco 2 in
the conical air compartment before and after each aerial
ventilatory cycle and, the prevailing atmosperic pressure.
These parameters were taken when the circulation of
water and air through the respirometer was cut. A
parallel experiment was performed without the fish
inside the respirometer to determine the amount of
oxygen diffusing into the water. This amount was corrected
for in all calculations.
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Aerial ventilation frequency (Vf,a) and gill
ventilation frequency (Vf,g) were measured simultane-
ously during bimodal respiration. The amount of oxygen
uptake per aerial ventilatory cycle (Vao2,s) was
calculated by dividing the aerial oxygen consumption
with the aerial ventilation frequency.
In the group of fish acclimated to 25°C, fish
were anaesthetized in 0.2 mg/l MS222 (Tricaine methane-
sulphonate,Sandoz). The buccal and opercular cavity
were cannulated (Clay Adams, PE-90) by the method of
Saunders (1961). The buccal and opercular catheters
were used to sample inspired and expired water respectively.
The oxygen tension of inspired (Pio2) and expired (Peo 2)
water was measured with the oxygen electrode/analyser
system (Radiometer E5046/PHM71) and converted to oxygen
concentration with the oxygen capacitance in water,
wo 2 (Dejours, 1981). Percentage utilization of oxygen
in water(% U) was calculated from
Gill ventilation volume (Vg) and gill stroke volume (Vg,s)
were calculated with the following equations:




Data were presented as mean± standard error of
mean (SEM). Significance of the result was determined
by Student's t-test.
Vg = Vwo2 / wo2 (Pio2 - Peo2)
Vg,s = Vg / Vf,g
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3.4 RESULTS
In normoxic water, 0. maculatus maintained a higher
oxygen consumption from air (0.9 ml 0 min-1 kg-1 than2
that from water (0.70 ml 0 2 min-1 kg-1) at 25°C although
it is a facultative air-breather.
3.4.1 Exposure to hypoxic water at 15°C
The mean frequency of aerial ventilation (Vf,a) in
hypoxic water (Pwo2= 30mmHg) was significantly higher
than that in normoxic water (Table 3.1). In contrast,
gill ventilation frequency in hypoxic water decreased
significantly when compared with that in normoxic water
(Table 3.1). Vao2 increased but Vwo 2 decreased so that
the total oxygen consumption (Vo2) remained nearly constant
during exposure to hypoxic water (Fig. 3.2). The calculated
amount of oxygen uptake per aerial ventilatory cycle in
normoxic and hypoxic waters were not significantly different
(Table 3.1).
3.4.2 Exposure to hypoxic water at 25°C
Similar to the fish at 15°C, the fish increased Vao7
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but decreased Vwo2 in response to hypoxic water so that
the total Vo 2 was maintained nearly constant (Fig. 3.3).
The mean Vf,a was significantly higher but the Vf,g was
significantly lower in hypoxic water compared with the
corresponding value in normoxic water (Table 3.1). How-
ever, the amount of oxygen uptake per aerial ventilatory
cycle decreased markedly during exposure to hypoxic water
at 25°C (Table 3.1, Fig. 3.6).
Calculation by Fick's principle showed that Vg decreasE
during exposure to hypoxic water (Fig. 3.4). The decrease
in Vg in hypoxic water was due to decrease in gill ventila-
tion frequency (Vf,g) rather than gill stroke volume (Vg,s).
There was a gradual increase in Vg,s with decrease in
Pwo2 (Fig. 3.4). The percentage utilization of oxygen
in water(% U) decreased significantly from 21% to 13%
as Pwo2 decreased from 130mmHg to 20mmHg (Fig. 3.5).
The bimodal gas exchange of 0. maculatus in both
normoxic and hypoxic water is shown in Table 3.2. The
total carbon dioxide production (Vco2) in normoxic and
hypoxic water was not significantly different. Only a
small proportion (15% to 22%) of carbon dioxide produced
was excreted in air in both conditions (Table 3.2). A
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respiratory quotient of about 0.8 was maintained in both
normoxic and hypoxic water.
3.4.3 Temperature and bimodal respiration in normoxic
water
At 25°C, 0. maculatus maintained a higher Vao 2 when
compared with the fish at 15°C. No significant difference
between Vwo2 at 15°C and 25°C was found (Table 3.1).
However, both Vf,g and Vf,a were higher at 25°C than those
at 15°C (Table 3.1). The Q10 of total Vo 2 was 2.3 (from
15°C to 25°C). The greater proportion of Vao2to total
Vo2 at higher temperature was due to both the increase
in Vf,a and the amount of oxygen unptake per aerial ventila-
tory cycle (Table 3.1).
Figure 3.1. Diagram of experimental respirometer with a constant water
temperature for the measurement of bimodal gas exchange.
AC: conical air chamber; C: cannulae of buccal and
opercular cavity;Eo: oxygen electrode; F: U-tube
containing fluid meniscus for maintaining atmospheric
pressure inside AC; P: varistaltic pump; R: water
reservoir; S: sypringe for introducing fresh air into AC;
T: circulation thermostat.
Figure 3.2. Effect of v;ater oxygen tension on the
bimodal oxygen consumption rate of 0.
maculatus at 15°C. Values are mean±
SEM (n= 6). (Total Vc2: circle,
Vao' empty circle, VWO2: asterisk).
Figure 3.3. Effect of water oxygen tension on the
bimodal oxygen consumption rate of 0.
maculatus at 25°C. Values are means±
SEM (n= 6). (Total Vo: solid circle,
Vao?: empty circle, Vwo2 asterisk).
Figure 3.4. Changes in gill respiratory parameters of
0. maculatus in water of different oxygen


































WATER OXYGEN TENSION, WPcummHg)
Figure 3.5. Relationship between the percentage
utilization of oxygen in water and water
oxygen tension in 0. maculatus at 25°C.
Values are means± SEM (n= 67.- means
significantly different from the correspond¬
ing value when Pwo= 130 mmHg, p 0.005.
Fig.3.6. The relationship between aerial oxygen
consumption (Vao2) and aerial ventilation
frequency (Vf,a). The data were obtained
from fish exposed to different hypoxic
conditions.
Table 3.1. Effects of ambient oxygen tension and temperature on ventilation


























significantly different from the corresponding value in normoxic water,
p 0.005. Values are means± SEM (n= 6)






































significantly different from the corresponding value in normoxic water
p 0.005. Values are means± SEM (n= 6).
3.5 DISCUSSION
0. maculatus maintained a relatively high total
_ l_
oxygen consumption (1.60 ml min kg, 25°C) compared
with those of other air-breathing fishes in the literature
(Singh, 1976). The value of in the present study is
comparable to the smaller-sized air-breathing fishes such
as Saccobranchus (46-69g), Anabas (28-51g) and Clarias
(76-157g) at 25°C. The proportion of total oxygen consump¬
tion due to gill respiration (66% at 15°C and 40% at 25°C),
however, is also high among other air-breathing fishes
(see Singh, 1976). This may explain why 0. maculatus can
survive under aerated water without access to air for
several days at 25°C (Yu and Woo, unpublished data).
Obligatory air-breathing fishes such as Electrophorus,
Protopterus and Lepidosiren usually obtain less than 25%
of their total oxygen consumption from gill respiration
(see Singh, 1976). However, large 0. argus is known to
suffocate when submerged underwater although water oxygen
consumption accounted for 38% of the total oxygen consump¬
tion in normoxic water at 25°C (Itazawa and Ishimatsu,
1981). The difference in the ability to survive when
submerged underwater between these two species of
Ophiocephalus (Channa), despite similar structure and
circulatory arrangement of the gills and air-breathing
organ (Ishimatsu ejt a_l, 1979), may be due to the smaller
size of the fish used in the present study. In the studies
of the relationship between the dimensions of respiratory
organs and the body weight in a number of air-breathing
fishes (see Munshi, 1976), it was shown that the total
surface area of gills in 0. punctatus, Anabas testudineus
fossilis increased with body weight by a power smaller
than that for the total respiratory area of air-breathing
organs. This relative growth pattern of respiratory organs
indicates that air breathing becomes more important than
aquatic respiration as the fish grows in size. Smaller
Anabas (Munshi, 1976) and Ophiocephalus (Ojha et. a_l, 1979)
survived for a long time whereas larger fish died when
they were not allowed to breathe air.
In normoxic water at 25°C, 0. maculatus had a large
1- 1
gill ventilation volume (705 ml min x kg) and low
percentage utilization of oxygen in water (21%) compared
with other water-breathing fishes (Saunders, 1962; Shelton,
1970). Corresponding data on other air-breathing fish is
lacking. Low value of% U is probably due to the compara-
tively small gill area (reduced gills) and thick water-
blood barrier found in many air-breathing fishes (Munshi,
1976).
3.5.1 Ambient oxygen tension
Like other facultative air-breathing fishes such as
Neoceratodus, Amia, Ancis trus, Anabas and 0. punctatus
(see Johansen, 1970), air-breathing in 0. maculatus is
primarily used for supplementing an inadequate gill oxygen
uptake. In hypoxic water, oxygen consumption from water
dropped but aerial oxygen consumption increased to main¬
tain the total oxygen consumption in 0. maculatus at both
15°C and 25°C. This respiratory response to hypoxic
water was also noted in some facultative air-breathing
fishes such as Anci s trus (Graham e_t a_l, 1982), Lepisos t eus
(Smatresk and Cameron, 1982), Anabas (Hughes and Singh,
1970) and in the obligatory air-breathing fish, 0. argus
(Itazawa and Ishimatsu, 1981).
During exposure to hypoxic water, both aerial ventila¬
tion frequency and aerial oxygen consumption increased at
15°C and at 25°C. However, the amount of oxygen uptake
per aerial oxygen consumption (Vao2,s) decreased markedly
in hypoxic water at 25°C, but not at 15°C. This indicates
that a lesser amount of the inhaled oxygen is absorbed in
the suprabranchial organ of 0. maculatus in each ventila¬
tory cycle during exposure to hypoxic water at 25°C. This
decrease in oxygen extraction efficiency when the aerial
ventilation frequency increases is probably due to the
inherent rate of oxygen absorption. Johansen (1970)
showed that the highest rate of oxygen absorption in air-
breathing organ was that found in Electrophorus; the
oxygen concentration of the inhaled pocket of gas dropped
50% in two minutes. In other air-breathing fishes, this
process generally took more than five minutes. Since
the oxygen concentration of the inhaled air inside the
air-breathing organ decreases gradually with time, the
three-fold increase in aerial ventilatory frequency in
0. maculatus in hypoxic water at 25°C decreases the time
for oxygen absorption and thus the value of Vao2,s.
Increase in blood perfusion of air-breathing organ in
hypoxic water was observed in Lepisos teus (Smatresk and
Cameron, 1982) and Holerythrinus (Smith, and Gannon, 1978).
This change in blood perfusion pattern in response to
hypoxic water, if any, did not seem to compensate for the
decrease of oxygen absorption efficiency in the supra-
branchial organ in 0. maculatus. Corresponding data in
other air-breathing fishes are controversial. Itazawa
and Ishimatsu (1981) found that 0. argus did not change
the VaojS significantly during exposure to hypoxic water
despite increase in aerial ventilation frequency. In
contrast, more oxygen was utilized from each air breath
in Clarias (Johnston and Bernard, 1983) and Piabucina
(Graham e_t aL, 1977) in response to hypoxic water.
Calculation from da ta obtained in Lepisos teus (Smatresk
and Cameron, 1982) showed that Vao2s was decreased during
exposure to hypoxic water. These variations among air-
breathing fishes are probably related to the differences
in the pattern of blood perfusion, blood oxygen affinity,
aerial ventilation volume and the duration of retaining
the inhaled pocket of gas in the air-breathing organ
during exposure to hypoxic water.
In response to decrease in oxygen tension in water,
those fishes which rely only on gill respiration increase
their gill ventilation (ventilation frequency andor
stroke volume) in an attempt to extract more oxygen from
water (Shelton, 1970). In many air-breathing fishes,
however, increasing gill ventilation during exposure to
hypoxic water will lead to a net branchial loss of oxygen.
This is due to the parallel arrangement of the air-breath¬
ing organ with the systemic organs. Oxygenated blood
from air-breathing organ is mixed with deoxygenated
blood from the systemic return before passing to the
gills. Thus the oxygen gained from the air-breathing
organ may be lost to the surrounding water as the mixed
venous blood passes through the gills (Po2 of blood
Po2 of water) (Johansen, 1970). In order to reduce
branchial oxygen loss in hypoxic water, many air-breathing
fishes such as Ami a (Johansen e a_l, 1970) and Lepisos teus
(Smatresk and Cameron, 1982) decrease their gill ventila¬
tion frequency during exposure to hypoxic water. Reduc¬
tion in gill ventilation frequency during hypoxia has a
further advantage in decreasing the total metabolic cost
of respiration (Shelton, 1970). In the present study,
0. maculatus decreased its gill ventilation frequency
in hypoxic water to almost same values at 15°C (26 min)
and at 25°C (23 min) although different frequencies
(32 min and 43 min respectively) were maintained at
15°C and at 25°C in normoxic water. This apparent minimum
gill ventilation frequency is probably required for the
excretion of carbon dioxide into surrounding water. Our
results on carbon dioxide excretion in water and in air
during bimodal respiration of 0. macula tus confirmed
previous findings that most carbon dioxide produced in air-
breathing fish was excreted into the water (Johansen, 1970).
The absence of branchial oxygen loss in hypoxic
water in 0. maculatus is unique among air-breathing
fishes. The percentage utilization of oxygen in water
was not decreased significantly until PWO2 was lowered to
20mmHg. Strikingly, 0. maculatus continued to extract
oxygen from this severely hypoxic water (PWO2= 20mmHg).
This marked ability of oxygen extraction from hypoxic
water and the absence of branchial oxygen loss may be
related to some or all of the followings: (i) the oxygen
affinity of blood must be high enough so that the partial
pressure of oxygen in the mixed venous blood passing
through the gill is lower than the surrounding PWO2;
(ii) blood is shunted away from the respiratory lamellae
in the gills and (iii) oxygenated blood from the air-
breathing organ and the deoxygenated blood from systemic
return is, at least partially, separated in the heart.
The blood oxygen affinity of air-breathing fishes is
generally higher than that of the water-breathing fishes
(Johansen, 1970) and it is correlated with the available
oxygen of the habitat (Powers et al, 1979). However, the
observed partial pressure of oxygen in branchial blood in
air-breathing fishes is usually higher than 20mmHg (see
Satchell, 1976). The ability of air-breathing fishes to
shunt blood through non-respiratory lamellae during air-
breathing has been suggested in Ami a (Johansen e_t a_l,
1970) and Lepisos teus (Rahn e_t a_l, 1971). Separate
blood streams from the heart of 0. argus has been shown.
Oxygen partial pressure of blood in posterior ventral
aorta (pva) was found to be higher than that in anterior
ventral aorta (ava) (Ishimatsu e_t al_, 1983). If this separa¬
tion of oxygenated and deoxygenated blood in the two ventral
aortae occurs in 0. maculatus,'it may help to prevent
branchial oxygen loss and increases the efficiency of
oxygen extraction from hypoxic water. It is because
the fourth gi 11 arch is much reduced in 0. maculatus;
thus, the reduced lamellae in the fourth gi 11 arch
may help to shunt the more oxygenated blood in pva
from the surrounding hypoxic water. The more deoxygenated
blood in ava passing through the respiratory lamellae
of the first and second gill arch allows oxygen uptake
from hypoxic water. Nevertheless, it is difficult
to conclude which mechanism is important in 0. macula tus
without further study on cardiovascular parameters in
hypoxic water in this species. However, it was found
that the circulatory arrangement of the respiratory system
of 0. argus and 0. maculatus was very similar (Ishimatsu
et al, 1979).
3.5.2 Ambient temperature
The effects of temperature on oxygen consumption have
been well studied in many non air-breathing teleosts
(Beamish, 1964). However, similar study in air-breathing
fish is scarce. Horn and Riggs (1973) found that in Arn i a,
air-breathing was negligible below 10°C. Above 10°C,
aerial ventilation frequency increased as temperature
increased. Increase in aerial ventilation frequency with
temperature was also observed in Arte is trus (Graham e_t al,
1982) and Lepisosteus (Smatresk and Cameron, 1983). Our
results also showed that 0. maculatus increased its aerial
ventilation frequency with temperature in both normoxic
and hypoxic water. However, our present experiment showed
that aerial ventilation frequency was a poor measure of
aerial respiration. In air breathing Clarias, aerial
oxygen consumption changed by 70% without significant
change in air-breathing frequency (Johnston and Bernard,
1983). Thus, a better index would be aerial oxygen consump¬
tion. In the present study, aerial oxygen consumption
was found to increase with temperature. However, the
amount of oxygen uptake per aerial ventilatory cycle at
25°C was significantly higher than that at 15°C. This
suggests a higher rate of oxygen absorption in the air-
breathing organ at higher temperature if tidal volume
is unchanged. This is supported by the observation tha
the rate of oxygen depletion in the air-breathing organ
of Amia was markedly higher at 30°C than that at 10°C
(Johansen, 1970).
The Q1q value of the total oxygen consumption in
0. maculatus was found to be 2.3. This value falls into
the normal range of 2.0 to 2.5 in ectotherms (Fry and
Hochachka, 1970; Weiser 1973) although it was found to
be lower in the air-breathing Amia (1.4, 19-27°C)( Johansen,
1970) and Lepisosteus (1.6, 20-30°C) (Smatresk and Cameron,
1978).
The proportion of aerial oxygen consumption to total
oxygen consumption increased as the temperature increased
in 0. maculatus. The water oxygen consumption at 25°C
was not significantly different from that at 15°C. This
indicates that aerial respiration is mainly responsible
for maintaining an adequate oxygen uptake at higher tempera¬
ture in 0. maculatus. The relatively larger increase
in aerial respiration than gill respiration from 15°C
to 25°C may be due to the relatively lower metabolic cost
of aerial ventilation (surfacing) over branchial ventilation
for maintaining a higher metabolic rate at 25°C. The
larger amount of oxygen uptake per aerial ventilatory
cycle at 25°C also points to a higher efficiency of aerial
respiration. Cardiovascular adjustments to temperature
change such as change in blood perfusion of the air-breathing
organ, will alter the rate of oxygen absorption in the
air-breathing organ and deserve further investigation.
CHAPTER FOUR RESPIRATORY AND CARDIOVASCULAR RESPONSES
TO HYPOXIC CONDITIONS
4.1. SUMMARY
1. Blood oxygen dissociation curve showed that
0. macula tus has a high oxygen affinity (Pq~
7.6- 14.5) and a large Bohr coefficient (r=
-0.70) over the physiological pH range of 7.2- 7.6.
2. Blood gas levels in dorsal aorta, bulbus arteriosus
and caudal vein were measured directly from cannulated
Ophiocephalus maculatus. The persistently higher
blood oxygen contents in the dorsal aorta compared
with the corresponding values in bulbus arteriosus
regardless of surrounding water oxygen tensions
agreed with the suggestion that oxygenated and
deoxygenated blood were partially separated in the hear
of 0. maculatus.
3. Bradycardia and decline in dorsal and ventral arotic
blood pressure were observed during exposure
of the fish to severely (PWO2~ 30 mmHg) but
not moderately (PWO2~ 50 mmHg) hypoxic water.
4. In both normoxic and hypoxic water, blood flow
to air-breathing organ via anterior ventral aorta
(ava) was estimated to be more than that to
systemic tissues through posterior ventral aorta
(pva).
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5. Decreases in hematocrit, red blood cell count
and hemoglobin concentration were observed in
severely hypoxic water. These hematological
disturbances were found to be associated with
cardiovascular but not respiratory changes.
It was suggested that hemodilution was due to




It is known that both cardiovascular and respiratory
parameters change when water-breathing teleosts are
exposed to hypoxic environments (Randall 1970.Shelton,
1970). Typically, teleosts respond to hypoxic water
with increased gill ventilation, by either an increase
in branchial frequency or by an increase in.stroke volume,
or both (Shelton, 1970). Cardiovascular adjustments
include bradycardia and increased cardiac stroke volume
which result in unchanged cardiac output. Gill and
systemic vasoconstrictions are observed in rainbow
trout (Holeton and Randall, 1967a)and lingcod (Farrell,
1982). These rapidly induced changes in the pattern
of blood circulation and ventilatory movements are
followed by the slowly induced change in blood respiratory
properties. There is an increase in hematocrit, hemo-
globin concentration and blood oxygen capacity during
prolonged exposure of fish to hypoxic condition (Wood
et al, 1975; Smit and Hattingh, 1978). Blood oxygen affinity
is also increased by a decrease of red cell ATP con-
centration (Wood, 1980).
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Since air-breathing fishes possess accessory
air-breathing organ and are able to breathe bimodally,
their physiological responses to hypoxic environment
are expected to be different from those of water-
breathing fishes. However, in a survey of the respiratory
responses of air-breathing fishes to hypoxic conditions,
it was found that many air-breathing fishes, like
their water-breathing counterparts, failed to maintain
their oxygen consumption in severely hypoxic environments
(Singh, 1976). In Chapter Three, it is shown that 0. maculatus
can maintain its total oxygen consumption irrespective
of the surrounding water oxygen tensions. The apparent
absence of branchial oxygen loss shown in Chapter Three
raised the question concerning the possible mixing of oxygenated
blood (from air-breathing organ) and the deoxygenated
blood (from systemic tissues) observed in many air-breathing
fishes. Since the cardiovascular responses of
facultative air-breathing fish to hypoxic conditions
are not well studied compared with those of the
obligatory air-breathers (Satchell, 1976), it was
the objective of this study to compare the blood respiratory
properties (blood oxygen levels, blood oxygen dissociation
curve, hematological parameters and blood volume)
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and the circulation pattern (blood pressures and blood
flows) when the facultative air-breather, 0. maculatus,
was exposed to normoxic and hypoxic waters. The
existence of separated, at least partially, blood
streams in the heart of 0. maculatus was confirmed
by data on blood oxygen levels in different vascular
compartments.
105
4.3. MATERIALS AND METHODS
4.3.1. Experimental animals
Experiments were carried out on Ophiocephalus
maculatus weighing between 150- 200 g. Fish were
kept in well-aerated water aquaria without food for
at least four days before experimentation. During
this acclimation period and subsequent experiments,
water temperature was maintained at 25± 1°C.
Fish were anesthetized by immersion in 1:5,000
neutralized MS222 (Tricaine methanesulphonate, Sandoz).
Coeliacomesenteric artery and caudal vein were cannulated
with polyethylene tubing (PE-50, Clay Adams). Polyethylen
tubing (PE-50, Clay Adams) tipped with a short piece
of bent 23G needle was used to cannulate the bulbus
arteriosus following the methods devised by Holeton
and Randall (1967). After surgery, fish were allowed
to recover from anesthesia in respiratory chambers
containing well aerated fresh water overnight prior
to experimentation in the same chamber. Other
fish of similar size with coeliacomesenteric
artery cannulated were used for measurement of plasma
volume. Plasma volume (PV) was measured by the Evans
blue (T-1824) dilution method (Conte et al, 1964).
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4.3.2. Cardiovascular and respiratory parameters
Fish were exposed to water of different oxygen
tensions (Pwo2= 130, 50, 30, 10 mmHg). The desired
oxygen tensions of water flowing into the respiration
chamber were adjusted by bubbling nitrogen in the
overhead water reservoir as described in Chapter
Three.
Dorsal and ventral aortic pressures were monitored
via the cannulae of coeliacomesenteric artery and
bulbus arteriosus respectively using a pressure
transducer coupled to a Harvard Biograph System.
Heart rate was obtained from the pressure recordings.
Samples of blood were then collected from the cannulae
implanted in the fish. Oxygen content (Co2), oxygen
partial pressure (Po2), pH and hematocrit (Hct) were
determined immediately after collection. Po 2 and
pH was measured with an electrode/analyzer system
(Radiometer E5046/PHM71 Mk2).
Co 2 was measured by the method of Tucker (1967).
20 pl of blood was injected into a chamber containing
degassed potassium ferricyanide, which liberates
02 into the solution. The oxygen content of the
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blood can be calculated from the change in the Po 2
of the solution, measured polarimetrically by a
Clark-type electrode (Yellow Springs Instruments)
coupled to an oxygraph (Gilson K-K). Total oxygen
carrying capacity (Cto2) was determined after the
blood was equilibrated with humidified air until
there was no further increase in oxygen content.
The hemoglobin concentration (Hb) was determined
by the cyanmethemoglobin method (Sigma bulletin No.525)
and red blood cell count (RBC) by counting in a hemo-
cytometer (Neubauer). Oxygen dissociation curve of
blood.. from fish in normoxic water was constructed
by the mixing technique (Edward and Martin, 1966).
The pH was adjusted by mixing whole blood with 1:10
volume of corresponding Tris buffer.
The mean corpuscular hemoglobin concentration
(MCHC), the mean corpuscular hemoglobin (MCH), and
the mean corpuscular volume (MCV) were calculated
from the Hct, Hb and RBC by the following formulae
(Kelper, 1966)
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Percent oxygen saturation of blood (So2) was calculated
from the Co 2 and Cto2 of the blood. The ratio of
blood flow, in ava (Qava) to the blood flow in pva
(Qpva), the relative perfusion ratio, was estimated
by Fick's principle and according to assumptions





There Vto2= total oxygen consumption
Vgo2 and Vho2= oxygen consumption of gill tissu
and heart tissue respectively.
Cso2= Co 2 of blood from suprabranchial organ
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MCHC (10-9 g/um3) =
Hb (g 100 ml-1) x 100
Hct ( % )
MCH (10-9 g) = Hb (g 100 ml-1) x 10
RBC (106 ml-1)
MCV (um3) = Hct (%) x 10
RBC (106 ml-1)
Based on assumption (i) (see Section 4,5.),
Substitute Cavao2 into (3)
Based on assumptions (ii) and (iii), Cpvao2= Cao2
and CSO2= Ct02
4.3.3. Statistical analysis
Data were presented as mean± standard error of
mean (SEM). Significance of the result was determined
Py Student's _t-test.
4.4. RESULTS
4.4.1. Circulatory arrangement to the gills and air-
breathing organ
The circulatory arrangement of 0. maculatus
is shown diagrammatically in Figure 4.1. This is
based on the visual observation by the authors and
the results from vascular corrosion casts by Ishimatsu
et al (1979). The air-breathing organ is perfused
by the blood from the afferent branchial arteries
of the first and second gill arches. Blood returns
to the heart via the common cardinal vein after its
passage through the air-breathing organ. The total
cardiac output of heart is divided into two blood
streams. One is anterior ventral aorta (ava) which
supplies the first and second gill archs. Another
blood stream passes through the vestigial third and
fourth gill arches to the dorsal aorta.
4.4.2. Blood respiratory properties
A comparison of blood oxygen tension (P02),oxygen
content (Co2) and saturation (S02) in different
vascular compartments during normoxia and hypoxia
is shown in Table 4.1 and Table 4.2. These values
were measured in samples obtained simultaneously
from the dorsal aorta (da), bulbus arteriosus (B)
and caudal vein (v). There was no significant diff¬
erence between blood Po in normoxic and hypoxic
conditions. As shown in Figure 4.2, the Cao was
higher than the corresponding value of Co under
all conditions. The difference between Cao2 and
Cg02 was not significantly changed in hypoxic conditions.
In severely hypoxic conditions (Pwo? =10-30 mmHg),
Cao2 Cg°2 anc Cvo2 were significantly lower (paired
t test, P 0.05) than their normoxic values. The
arterial blood was 80% saturated in normoxic condition.
There was no change in Sao2 p°2 an vo2 wen tie
fish was exposed to hypoxic waters. A large arterio¬
venous oxygen difference(a-v 02 diff,) was maintained
in both normoxic and hypoxic conditions.
Whole blood oxygen dissociation curves at pH 7.6
and pH 7.2 are shown in Figure 4.3. The magnitude
of the Bohr effect was- 0.70 (log FqpH). Pq
changed from 7.6 mmHg at pH 7.6 to 14.5 at pH 7.2.
The Cc2 at 100% saturation was 11.90± 1.23 vols%
(n= 6) at pH 7.6 and 9.86± 1.20 vols% at pH 7.2.
The reduction in oxygen content at pH 7.2 was not
significant, indicating no significant Root effect.
Figure 4.4.showed that the Hill coefficient was not
significantly changed by a change in pH. The values
of n are 1.39 (pH 7.6) and 1.57 (pH 7.2). A significant
decrease in pH of blood sampled from bulbus arteriosus
(pHg) was observed under severely hypoxic conditions.
4.4.3. Blood circulation pattern
In normoxic water, the dorsal aortic blood pressure
(BP) was 18.1 mmllg and ventral aortic blood
pressure (BP) was 21.5 mmHg. In severely hypoxic
waters (PWO2~ 10, 30 mmHg), BPa fell to 12- 13
mmHg while BP fell to 16 mmHg, both being significantly
lower than normoxic values. There was also significant
reduction in heart rates in severely hypoxic conditions.
There was significant increase in plasma volume (PV)
in severe hypoxia when compared with the normoxic
value. No significant change in BPda, BPva, HR,
PV were observed in moderately hypoxic water
(PWO2= 50 mmHg).
By making several assumptions, (see Sections
4.3 and 4.5) the fraction of cardiac output to air-
breathing organ was estimated to be higher than that
to systemic tissues in both normoxic and hypoxic
conditions.
4.4.4. Hematological parameters
Values of hematocrit (Hct), red blood cell count
(RBC) and hemoglobin concentration (Hb) were significantly
decreased in groups exposed to severely (PWO2= 30,
10 mmHg) but not moderately (PWO2~ 50 mmHg) hypoxic
waters when compared respectively with the normoxic
groups. Calculation showed mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular hemoglobin
(MCH) and the mean corpuscular volume (MCV) of fish
in different hypoxic conditions were not significantly







Figure 4.1. A schematic representation of circulatory system of 0. maculatus,
based on visual observations by the authors and results from vascular
corrosion casts by Ishimatsu e_t al_ (1979).
A: atrium; a: dorsal aorta; acv: anterior cardinal vein;
ava: anterior ventral aorta: B: bulbus arteriosus
Ca: cannula of dorsal aorta;: cannula of bulbus arteriosus
ccv: common cardinal vein; Cv: cannula of caudal vein
pcv: posterior cardinal vein; pva: posterior ventral aorta
V: ventricle; v: vena cava
Fig. 4.2. The relationship between the Cao? and CRo
for the blood of 0. maculatus exposed to
water of different Pwo:Pwn_= 1 idmrnl-lc
(o) Pwoo= fOmmHg.z zPwOo= 30mmHe,() Pwo0
: lOmmHg.
Fig. 4.3. Whole blood oxygen dissociation curves of 0. maculatus:
pH 7.6 and (o) pH 7.2. The data were obtained at 25°C
in 0.05M Tris buffer. Values are presented as mean± SEM,
n- 5. Arrows indicate the Pac and P'V02 in normoxic fish.
Fig. 4.4. The Hill plot of the blood oxygen dissociation
curve of 0. maculatus:(0) pH 7.6,(0) pH 7.2.
n= Hill coefficient and r= correlation
coefficient for the lines drawn.
Table 4.1. Summarized Respiratory and Cardiovascular Parameters in
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significantly different from the corresponding value in normoxic water (Pwo?= 130mmHg)
P 0.05. n.d.: values not determined. Values are means± SEM. Abbreviations see
text.
Table 4.2. Summarized respiratory and cardiovascular parameter in
Ophiocephalus maculatus (calculated from the directly measured












































n.d.: values not determined. Values are mean± SEM. Abbreviations: 7oSao2, anc
%Svo2= %So2 of blood in dorsal aorta, bulbus arteriosus and caudal vein respectively;
others see text.
4.5 DISCUSSION
4.5.1. Blood respiratory properties
0. maculatus has a high blood oxygen affinity as
shown in the blood oxygen dissociation curve. This
high oxygen affinity is important for the loading
of oxygen at gills when the oxygen level of surrounding
water is low. This result is in contrast to the
generalization that increased dependence on air
breathing in fish is associated with lower blood
oxygen affinity (Johansen e_t a_l, 1978). In a survey
of the blood respiratory properties of 40 genera of
Amazonian fishes, Powers e_t a_l (1979) also failed
to support this proposal.
It is generally accepted that the shape of whole
blood dissociation curve determines the range of
oxygen tensions for loading and unloading oxygen.
The curve of 0. maculatus is rather hyperbolic,
with a Hill coefficient (n) of 1.4- 1.6. This is
comparable to the generally nonsigmoidal curve of
fishes (Grigg, 1974). However, active species like
trout (Black e_t a_l, 1966; Cameron, 1971) usually
display a sigmoidal curve with n= 2.5- 3.0 while
more sluggish species like carps (Black, 1940) are
characterized by a more hyperbolic curve with n=
1.2- 1.5 (see Grigg, t 974). This trend is in
agreement with our study because 0. maculatus is
sluggish despite its air-breathing ability.
Both a high oxygen affinity and a high n value
favour oxygen loading at the respiratory surfaces,
but not oxygen unloading at the tissues. Presumably,
this deficiency is offset by a large Bohr effect
which facilitates oxygen unloading at tissues. A
significant Bohr effect has also been shown in
other air-breathing fishes like Electrophorus (Johansen
et al, 1968), Symbranchus (Johansen, 1966), Neoceratodus
(Lenfant e_t al, 1966) and Ami a (Johansen et
al, 1970). These findings all argue against the
advantages of a low Bohr and Root effect for air-
breathing fish living in environment of high PCO2
levels as suggested by Carter (1931). Root effect,
however, was found to be absent in 0. maculatus.
In Chapter three, it was shown that there was no
branchial oxygen loss in 0. maculatus even when it was
exposed to severely hypoxic water (PWO2 20 mmHg).
In the present study, oxygen partial pressure of
the blood in bulbus arteriosus was found to be
around 14 mmHg when the oxygen tension in the surround¬
ing water (PWO2) was 10 mmHg. The apparent absence
of branchial oxygen loss in tne face of a blood-water
oxygen gradient lends support to the existence
of separation, at least partial, of deoxygenated
and oxygenated blood in the heart of 0. macula tus (See Chap¬
ter Three). Direct measurement of the blood
oxygen content in blood samples taken from dorsal
aorta and bulbus arteriosus provided further evidence
for this suggestion. Cao2 was always higher than
C o~ despite the absence of any oxygen uptake from
hypoxic water of Pwo9= 10 mmHg (see• Chapter Three).
Since there is no vascular connection between the
suprabranchia1 organ and dorsal aorta (ishimatsu et al, 1979),
the presence of a difference in blood oxygen content
between dorsal aorta and bulbus arteriosus can
only be explained by the existence of a blood separation
in the heart of 0. maculatus. Separation of deoxygenate
and oxygenated blood was made possible by the presence
of two ventral aortae, the anterior ventral aorta
(ava) supplies blood to the first and second afferent
branchial arteries while the posterior ventral aorta (pva)
supplies the third and fourth afferent branchial
arteries(pig. 4.1). The first and second efferent
branchial arteries supply only the suprabranchial
organ and blood from this air-breathing organ returns
to the heart through the anterior cardinal vein.
The gill filaments in the fourth branchial arch
are much reduced and probably contribute, little
to gaseous exchange (Ishimatsu et al,1979).
Separation of oxygenated and venous blood
in the heart of the lungfish, Protopterus, has
also been suggested. The two streams of blood
entering the atrium remained largely separate in
their passage through the heart to the branchial
arteries (Johansen and Hoi, 1968; Johansen e_t a 1,
1968). It was proposed that separation of the
two blood streams was achieved in part by the atrial
septum and, in part by a mass of blood which lay
in the median part of the atrium and separate the two blood
streams (Satechell, 1976). Similar mechanisms for the
separation of two blood streams in the heart of
Ophiocephalus have been suggested (Ishimatsu and Itazawa
1983). The physiological significance of having blood
in ava which is. more deoxygenated than the blood
in pva has been mentioned previously (see Chapter
Three). This blood separation contributes to a higher
efficiency of oxygen extraction and minimizes possible
branchial oxygen loss when the fish is exposed to
hypoxic water.
4.5.2 Blood circulation pattern
Although this study did not furnish data for
the calculation of cardiac output to suprabranchial
organ (via ava) or to the systemic tissues
(via pva), the ratio of blood flow of ava to that of
pva can be estimated from the oxygen content of blood
in different vascular compartments by Fick's principle
and from the following assumptions• (i) oxygenated
and deoxygenated blood in the bulbus arteriosus were
mixed during random sampling from the cannula, (ii)
the third and fourth gill arches did not contribute
to the oxygen uptake from water and (iii) full saturation
of blood after its passage through the air-breathing
organ. This calculation does not inherit the short¬
falls of Fick's principle (Johansen and Pettersson,
1981, Metcalfe and Butle, 1982), as data of oxygen
consumption are not involved in the final expression
of QavaQpva (see Materials and Methods). This relative
perfusion ratio (QavaQpva) is found to be equal
to nearly one in both normoxic and hypoxic conditions.
However, this ratio is probably underestimated because
(1) oxygen uptake by the third and fourth gill arches
may occur, at least, in normoxic water (2) blood
from the air-breathing organ may not always be fully
saturated; the oxygen saturation of blood would probably
oscillate with the aerial ventilatory cycle. As a
result, the relative perfusion ratio is probably higher
than one. That is, the perfusion of ava and suprabranchia1
organ is probably higher than that of the pva and
thus systemic tissues. Since the gills (first and
second gill arches) are in series with the air-breathing
organ, this perfusion pattern will facilitate both
water and aerial respiration.
There are few comparative studies on the blood
flow in air-breathing fish. Johansen et. aJL (1968)
reported that the fraction of blood from the heart
passing to the air-brea thing organ f o1lowing an air
breath is 7 2% in Electrophorus. This value changed
to 52% after 75 seconds. It is suggested that the
blood flowing through the air-breathing organ in air-
breathing fish varies with the different phases of
the aerial ventilatory cycle (Satchell, 1976). In
Neoceratodus (Johansen et a_l, 1968) and Lepisos teus
(Smatresk and Cameron, 1982), the average blood flow
to the air-breathing organ was lower than the corres¬
ponding flow to systemic tissues. The fraction of
total cardiac output passing to the air-breathing
organ was 39% in Neocera todus and 19% in Lepisos teus
in normoxic water. In contrast, our study showed
that blood flow to air-breathing organ was more than
that to the systemic tissues in 0. maculatus. It
is interesting to note that the similarity of the
perfusion pattern in 0. maculatus and Elec trophorus
coincides with the similarity of the circulatory
system of these two species (see Johansen, 1970).
Increased perfusion of air-breathing organ due
to elevation of cardiac output (in Pro topterus, Johansen
et a 1, 1968) or redistribution of blood flow (in
Hoplerythrinus, Farrell, 1978) was observed immediately
following an air breath. Although we did not measure
the total cardiac output of 0. maculatus in normoxic
and hypoxic water, the absence of significant increase
in the relative perfusion ratio would necessitate
an increase in total cardiac output if there was any
increase in the perfus ion o f air-breathing organ in
response to hypoxic water. The decreased after-load
on the heart due to a decrease in ventral aortic
pressure may increase the cardiac output although
the heart rate is decreased in hypoxic water (Johansen,
1970).
Elevation of heart rate immediately (within a
few seconds) followed a spontaneous air breath in
some air-breathing fishes in normoxic waters
(Singh and Hughes, 1973; Farrell, 1978). Bradycardia
occurred during the interval between spontaneous air-
breaths in Anabas (Singh and Hughes, 1973) but not
in Hoplerythrinus (Farrell, 1978). Singh and Hughes
(1973) reported that the mean heart rate in Anabas
was reduced during respiration in hypoxic water.
They noted that in both normoxic and hypoxic waters
air breathing usually occurred when the heart rate fell
_ i_ i
to 15- 30 min (normal rate= 40 min). In the
present study, 0. maculatus showed no consistent cardiac
response following or preceding an air breath during
exposure to hypoxic water. However, a decrease in
mean heart rate was observed when 0. macula tus was
exposed to severely,but not moderately hypoxic water
for one hour. This bradycardia in 0. maculatus was
similar to the bradycardia shown by many water-breathing
fishes in hypoxic water (Holeton and Randall, 1967;
Nilsson, 1983).
Although bradycardia was also associated with
stress in fish (Randall, 1970), stress due to increased
aerial respiration in hypoxic water was probably not
an important factor for bradycardia in this study.
No significant bradycardia was observed until water
oxygen tension was below7 30 mmHg. However, it was
shown in Chapter three that aerial ventilation was
increased when PWO2 90 mmHg. External chemoreceptors
responsible for bradycardia have been located on the
first pair of branchial arches in rainbow trout (Daxboeck
and Holeton, 1978; Smith and Jones, 1978). Although both
peripheral and central chemoreceptor has been suggested
for bradycardia during hypoxia in fish (see Lauren.t
et a 1, 1983), our present study supports peripheral,
rather than central chemoreceptor for bradycardia
in 0. maculatus. This is shown by the occurrence of
bradycardia in the absence of any decline in arterial
oxygen partial pressure.
Similarly, the regulation of respiratory responses
to hypoxic water may be mediated by peripheral oxygen
chemoreceptor sensitive to the oxygen tension in the
surrounding water. This is particularly true for
gill ventilation which decreases when the fish is
exposed to hypoxic water, but increases rapidly upon
return to aerated water (personal observation, Yu
and Woo). Moreover, prevention of aerial ventilation
during submergence did not affect the response of
gill ventilation to hypoxic water (Yu and Woo, unpublished).
These observations, indicate that gill ventilation
is not well modulated to cope with the oxygen demand
of the fish, but rather to facilitate aerial ventilation
or to minimize any possible branchial oxygen loss
in severely hypoxic water.
Aerial ventilation, on the other hand, is tuned
for obtaining adequate oxygen for the routine metabolism
of the fish. Since aerial ventilation continues at
a high frequency after the fish is exposed to hypoxic
water despite the absence of any decline in arterial
blood oxygen partial pressure, it seems to imply that
oxygen chemoreceptor responsible for the modulation
of aerial ventilation is probably sensitive to the
oxygen tension in the surrounding water. However,
oxygen chemoreceptors may be located in the vascular
beds of the suprabranchial organ so that any decrease
in oxygen partial pressure of blood draining from
the first and second efferent branchial artery due
to decrease in gill oxygen uptake from hypoxic water
will be sensed. This proposal will also explain why
aerial ventilation increases gradually with decreasing
water oxygen tension.
In hypoxia, both the dorsal and ventral aortic
pressure rose in the air-breathing Lepisos teus (Smatresk
and Cameron, 1982). In contrast, both the ventral
and dorsal aortic blood pressure fell when 0. maculatus
was exposed to hypoxic water. This hypotension, and
also bradycardia may be due to an increased cholinergic
vagal tone in the fish (Randall and Smith, 1967,
Taylor et_ a_l, 1977). Hypotension of fish in response
to hypoxic water was observed only in the dogfish
(Butler and Taylor, 1971), but not in any teleost so
far studied (Farrell, 1982). Decrease in dorsal aortic
blood pressure may be due to a decrease in systemic
resistance. Systemic vasodilatation was observed in
winter flounder (Cech e_t al, 1977) while systemic vaso¬
constriction was noted in rainbow trout (Hole ton and
Randall, 1967) and lingcod (Farrell, 1982) during hypoxia.
4.5.3. Hematological responses
The effects of acute and prolonged hypoxia on
the hematology of water-breathing fishes are
well studied (Wood et. arL, 1975; Smith and Hattingh,
1978). In comparison with the water-breathing fishes,the
air-breathing 0. maculatus showed a number of differences
in the hematological responses to hypoxic water.
These differences are probably related to the unchanged
oxygen partial pressure of arterial blood in 0. maculatus
in hypoxic water. Thus, any hematological change
of 0. maculatus in response to hypoxic water could
only be secondary to physiological changes other
than the oxygenated state of the blood. There was a
significant decrease in blood hematocrit, red blood
cell count and hemoglobin concentration when 0. macula tus
was exposed to severely (PWO2 30 mmHg), but not
to moderately hypoxic water (Pwo= 50 mmHg). Decrease
in hematocrit was not due to decrease in red blood
cell volume as seen from the unchanged values of MCHC
and MCV. Moreover, decrease in hemoglobin concentration
was not associated with a decrease in mean corpuscular hemo¬
globin (MCH). All these results point to a simple
hemodilution in 0. maculatus when it is exposed to
severely hypoxic water. This interpretation was supported
by the increase in plasma volume during exposure of
the fish to severely hypoxic water.
Hemodilution in the present study may arise from
(1) increased water permeability of gill or body surfaces
and thus increased gain of water into the body and
(2) failure of the fish to counteract the constant
influx of water from the surrounding hypoosmotic medium
by excretion of hypotonic urine by kidneys. Increase
in surface permeability has been observed
during stress (Forster and Bergiund, 1956). However
increased water influx at gills should be minimal
because gill ventilation was decreased markedly when
2 maculatus was exposed to hypoxic water. On the other
hand, alteration in kidney perfusion may occur due
to the change in dorsal aortic pressure in the fish
in hypoxic water. It is known that glomerular filtration
rate is linearly proportional to the perfusion pressure.
Glomerular filtration rate has been found to decrease
during hypotension in fish (Hammond, 1956). Apart
from arterial blood pressure, other factors such as
intracapscular pressure and colloid osmotic pressure
also affect glomerular filtration rate (Pitts, 1968).
Since a nearly constant proportion of water filtered
by glomeruli is reabsorbed by the tubules,
urine flow rate will be decreased by a decrease in
glomerular filtration rate. We propose that hemodilution
in 0. macula tus in the present study results from
the decrease in urine flow rate due to hypotension.
This proposal is supported by the increase in plasma
volume and agrees with the observation that exposure
to moderately hypoxic water failed to change the
hematocrit and dorsal aortic blood pressure. This
coincidence of cardiovascular, but not respiratory
changes, with the hematological changes would probably
suggests that the hematological responses are secondary
to the cardiovascular, but not respiratory changes.
Hematological changes are observed during hypoxia
and exercise in many water-breathing fishes (Cameron,
1970; Smit and Hattingh, 1978). However, these hemato¬
logical changes were not studied together with the
changes in circulatory and renal function in most
studies except that by Swift and Llyod (1974). Swift
and Llyod (1974) proposed that the diuretic response
of rainbow trout to hypoxic water was, at least partly,
responsible for the observed hemoconcentration (increase
in hematocrit). It is interesting to note that increase
in hematocrit during hypoxia and exercise in fish
is usually associated with increase in blood pressure
(Holeton and Randall,1967; Kiceniuk and Jones, 1977;
Cech et. a (1977) observed an unchanged hematocrit
during hypoxia in flounder. Coincidentally, no change
in blood pressure was observed in Cech's fish. Neverthe¬
less, it is equally probable that some factors may
affect hematocrit and blood pressure simultaneously
during changed phyiological state of fish.. Further
investigations are necessary to elucidate these complex
relationships.
CHAPTER FIVE METABOLIC ADJUSTMENTS DURING ACUTE AND
PROLONGED EXPOSURE TO HYPOXIC WATER
5.1. SUMMARY
1. Metabolic effects of acute and prolonged exposur
9.- niaculatus to hypoxic waters were studied.
2. Acute exposure (1-3 hrs)caused decreases in glycogen
(heart) and lipid (liver), and increases in glucose
(plasma), lactate (plasma, liver, brain), (X- amino
acid (liver), alanine (heart, brain) and succinate
(brain). Metabolic changes in heart, brain and
muscle were evident only when water oxygen tension
was below 30 mmHg.
3. Prolonged exposure (1-3 days) caused a depletion of glycogen in
all tissues and an increase in liver LDH activity. There was a
gradual removal of anaerobic end-products. All
elevated metabolic parameters (lactate, o- amino
acid, alanine and succinate) returned. to the
pre-exposure values after prolonged exposure.
4. A gradual increase in plasma glycerol and a transient
increase in muscle lipid were observed during hypoxic
expo sure.
5. It was concluded that anaerobic metabolism was
triggered by exposure of 0. maculatus to hypoxic
water. Prolonged exposure induced a high metabolic
load on the fish as shown by the rapid mobilization
of lipid and glycogen reserves.
5.2. INTRODUCTION
The snakehead, Ophiocephalus maculatus is an air-
breathing teleost which is widely distributed and cul¬
tured in fresh-water ponds of Southeast Asia. Since
it is highly tolerant to the regular hypoxic habitat
in its natural environment, it is an interesting object
for study of the adaptation to hypoxia. Its ability
to survive in severe hypoxic conditions has been attri¬
buted mainly to its ability of air breathing due to
the presence of a suprabranchial chamber above the
gill (Johansen, 1970). The respiratory and cardiovascular
adaptation of 0. maculatus to hypoxic conditions have
been described in Chapters Three and Four. However,
the possible contribution of metabolic adjustments
to the survival of this air-breathing fish in waters
of low oxygen tension has not been studied. It is
known that anaerobic metabolism occurs during hypoxia
in a number of water-breathing teleosts, including
the crucian carp (Johnston, 1975), common carp (Driedzic
and Hochachka, 1975), rainbow trout (Johnston, 1975),
flounder (Jorgensen and Mustafa, 1980), goldfish (Van
den Thillart e_t aL, 1976, 1980, 1982) and european
eel (Van Waarde e_t acL, 1983). Enzymatic studies
showed that air-breathing fishes possess striking
anaerobic capacities (see Hochachka, 1980).
It was shown in Chapter Three that 0. maculatus
responded to hypoxic water by increasing aerial ventilation.
As the extraction of oxygen from water decreases in
hypoxic water, the increase in oxygen utilization from
air is able to maintain the arterial blood oxygen partial
pressure as well as metabolic rate at the initial level
in normoxic water. However, we also showed that the
aerial oxygen uptake was limited by the rate of oxygen
absorption in the air-breathing organ. As a result,
drastic increase in aerial ventilation frequency resulted
in smaller amount of oxygen uptake per ventilatory cycle.
Since increased air breathing induced by hypoxic exposure
will pose a higher metabolic load on the fish, it is
not known whether the observed oxygen uptake can meet
the oxygen demand of the fish. The present study is
carried out to investigate the metabolic changes of air-
breathing 0. macula tus in response to different hypoxic
conditions. Concentrations of glycogen, lipid and protein
in the liver, muscle, heart and brain were determined.
Anaerobic end-products such as lactate, alanine.
and succinate have been reported to accumulate during
anaerobic metabolism of some teleosts(see Hochachka,
1980). These anaerobic end-products in plasma, liver,
muscle, heart and brain were determined in the present
s tudy.
5.3. MATERIALS AND METHODS
5.3.1. Experimental animals
Ophiocephalus maculatus (180± 12 g) were obtained
from a local market. Fish were acclimated to laboratory
conditions (20°C, freshwater) for at least three days
before experimentation. Fish were not fed during
the acclimation period. A continuous flow system
was set up to provide a desired level of ambient oxygen
tension during experimentation similar to those described
by Wu and Woo (1984). The system consisted of a
reservoir connected to plexiglass experimental tank
(55 litres). Filtered tap water was pumped to the
overhead reservoir. The Po? in the experimental tank
was adjusted to desired level(± 2 mmHg) by bubbling
pure nitrogen or air into the reservoir. The time
required to obtain a desired oxygen level in the system
was usually about fifteen minutes.
5.3.2. Experimental protocols
In one experiment, the effect of short-term
exposure to hypoxic water was tested. Fish were exposed
to water of different water oxygen tensions (PWO2~
130, 50, 30, 10 mmHg respectively) for one hour.
In another experiment, fish were exposed to hypoxic
water (PWO2= 30 mmHg) for different durations (3, 9,
24, 72 hours). After different hypoxic exposures,
fish were removed from the experimental tank and blood
was rapidly collected into a heparinized syringe from
the severed caudal artery. Whole blood was centrifuged
to obtain plasma. The liver, heart, brain and a piece
of epaxial muscle were rapidly removed and put into
liquid nitrogen. All samples were subsequently frozen
at- 20°C until analysis.
5.3.3. Biochemical analysis
Plasma glucose was determined using a coupled
glucose oxidase-peroxidase reaction (Sigma bulletin
No. 510). Plasma lactate was determined according
to Hohorst (1970), PI asma glycerol was measured by an
enzymatic method based on NAD.- reduction with glycerol
dehydrogenase (EC 1.1.1.6, Boehringer). The incubation
buffer contained 0.4M hydrazine, 0.2M glycine, 2mM MgC
and 1 mM NAD+ at pH 9.8.
Tissue samples were homogenized in distilled
water (1:10 wv) using an Ultra-Turrax homogenizer.
The homogenate was used to determine tissue glycogen
(Murat and Serfaty, 1974) and protein (Hartree, 1972).
For determination of tissue lactate, alanine and
succinate, tissue homogenates were deproteinized with
equal volumes of ice-cold 1 M perchloric acid. The
supernatant obtained after centrifugation was neutral¬
ized with 0.4 M ICo in 0.1 M triethanolamine. These
neutralized perchlorate extracts were then used for
the determination of tissue lactate (Hohorst, 1970),
alanine (Grassl, 1970) and succinate (William and
Corkey, 1969). Tissue -amino acid was determined
by a colorimetric ninhydrin reaction (Matthews e_t cgl, 1964).
Tissue samples were dried (100°C) to constant
weight and then defatted using petroleum ether (Searle,
boiling range 60- 80°C). Weight differences were
used to calculate tissue lipid content.
For enzyme determination, a portion of liver and
muscle, weighing about 100 mg was homogenized in 10
volumes of 0.25M surcose. Enzymes in the homogenate
were studied at 25°C. Glycogen phosphorylase (Phos-
phorylase, EC 2.4.1.1) was assayed as described by
Umminger and Benziger (1975). Phosphoenolpyruvate
carboxykinase (PEPCK, EC 4.1.1.32),in the direction of
oxaloacetate to phosphoenolpyruvate,was assayed according
%
to Seubert and Huth (1965). Lactate dehydrogenase (LDH,
EC 1.1.1.27),in the direction of pyruvate to lactate,
was assayed with 0.1 M Tris buffer, pH 7.5, 0.15 mM NADH,
2 mM pyruvate. Reaction was started by adding pyruvate.
The remaining enzymes, glucose-6-phosphatase (G6Pase,
EC 3.1.3.9), fructose-1,6-diphosphatase (FDPase,EC
3.1.3.11), glucose-6-phosphate dehydrogenase (G6PDH, EC
1.1.1.49), glutamate oxaloacetate transaminase (GOT, EC
2.6.1.1), glutamate pyruvate transaminase (GPT, EC 2.6.1.2)
and hexose kinase (HK, EC 2.7.1.1) were assayed by methods
as described previously (Chan and Woo,1978b; Woo and Murat,
1981).
5.3.4. Statistical analysis
Data are presented as means± standard error of mean
(SEM). Significance of the results was determined by
Student's L-test.
5.4. RESULTS
No death was observed during the whole experimental
period except when the period of hypoxic exposure (water
oxygen tension, PWO2= 30 mmHg) was prolonged to three
days in which case one fish out of seven died.
5.4.1. Effects of water oxygen tensions on metabolic
changes during acute hypoxic exposure
Marked changes in plasma metabolites, liver, heart
and brain composition were observed during one-hour
exposure to hypoxic waters. Plasma lactate and glycerol
were significantly increased in all hypoxic conditions.
Plasma glucose, however, was increased significant!)
only when the Pw©2 30mmHg (Table 5.1).
Changes in liver lipid, water, lactate and amino
acid concentration were significant in all hypoxic condi¬
tions (Table 5.2). There were no increases in alanine
and succinate levels concomitant with lactate increase
in liver.
As shown in Table 5.3, muscle seemed to be isolated
from the metabolic changes in other tissues. There were
no change in any measured parameters except lipid. The
• increase in muscle lipid was significant and was dependent
on the severity of hypoxia in water.
Heart glycogen, but not brain glycogen was mobilized
when PWO2 30 mmHg. There were increase in heart
alanine but decrease in heart succinate in severely
hypoxic water (PWO2 4 0 mmHg) as shown in Table 5.4.
Brain alanine and succinate levels were more susceptible
to hypoxic exposure than those in heart. They all
significantly increased in all hypoxic conditions.
However, brain lactate was increased only PWO2 4 30 mmHg
(Table 5.4).
5.4.2. Time course of metabolic changes during prolonged
hypoxic exposure
The metabolic changes after three hours of hypoxic
exposure were generally similar to those after one hour
exposure. Prolonged exposure induced metabolic changes
which often differed from those changes in acute exposure.
Plasma glucose level decreased rapidly. to
its normoxic value (43 mg 100 ml after the initial
rise at hour three. As shown in Fig. 5.1, glycogen
con ten t of liver and heart failed to regain
their normoxic values during prolonged exposure.
Brain glycogen started to decrease significantly at
hour nine when plasma glucose level returned to its
initial value. Muscle glycogen remained unaffected
until after three days of exposure when it decreased
significan tly.
As shown in Fig. 5.2, brain lactate concentration
decreased more rapidly after its initital rise than
lactate levels in other tissues. Plasma lactate and
liver lactate failed to decrease during the first day
of exposure. Normoxic values were restored only at
day three. There was no change in muscle lactate
concentration during the whole course of experiment.
A small transient decline in heart lactate level
was observed at hour three.
Fig. 5.3 showed that the decline in liver lipid
content was coincident with an increase in muscle
lipid during the first nine hours of exposure. Muscle
lipid then returned to its normoxic value after one day
of exposure. Liver lipid was maintained at the decreased
level during the whole experimental period. Changes in
tissue lipid were accompanied by a gradual increase in
plasma glycerol from the very beginning of the experiment
(Fig. 5.3).
While there was no significant change in muscle
The time-course changes in tissue alanine and succinate
were shown in Fig. 5.5 and Fig. 5.6. Both heart and brain
alanine concentration increased significantly during
the first day of exposure compared with their normoxic
values. The time-course change in heart and brain alanine
was similar. There was no significant increase in either
brain or heart alanine after three days of exposure when
compared with the normoxic values. There was
also a transient increase in brain succinate during the
first day of exposure. A significant decrease in heart
amino acid, liver amino acid showed a
transient increase during the first day of hypoxic
exposure (Fig. 5.4). Liver and muscle protein, however,
showed no significant change during the whole experimental
period.
succinate was observed at hour three.
The activities of glycolytic and gluconeogenic
enzymes in muscle and liver were shown in Table 5.5.
Prolonged hypoxic exposure induced no significant
change in enzyme activities except an increase in
liver., lactate dehydrogenase activity. Among various
enzyme activities measured, muscle lactate dehydrogenase
activity was the highest.
Table 5.1. Changes in Plasma Metabolites During Short-Term Exposure to
Hypoxic Water in 0. maculatus.
Values are presented as mean SEM.
p 0.001 (when compared with the 130mmHe croup).
Table 5.2. Changes in Liver Composition During Short-Term Exposure to Hypoxic
Water in 0. maculatus
Values are presented as mean± SEM.
p 0.001 (when compared with the 130 mmHg group).
Table 5.3. Changes in Muscle Composition During Short-Term Exposure to Hypoxic
Water in 0. maculatus
Water oxygen tension (PWO2)
130 mmlig 50 mmHg 30 mmHg 10 mmHg
(n =6) (n= 5) (n =5) (n= 8)
Glycogen (mg g)
Protein (g lOOg L
Water (g lOOg L
Lipid (g 100g_1)
Lactate (pmole g)



































Values are presented as mean± SEM.
p 0.05, p 0.001 (when compared with the 130 mmHg group).
Table 5.4. Changes in Heart and Brain Composition During Short-Term Exposure
to Hypoxic Water in 0. maculatus
Water oxygen tension (Pwo0)
130 mmHg 50 mmHg 30 mmHg 10 mmHg
(n =6) (n= 5) (n =5) (n= 6)
-1
Heart Glycogen (mg g)
-1
Heart Lactate (pmole g)
_
Heart Alanine (pmole g)
-1
Heart Succinate (pmole g)
_
Brain Glycogen (mg g)
-1
Brain Lactate (pmole g)
~ 1
Brain Alanine (pmole g)
1

































Values are presented as mean± SEM.
p 0.05, p 0.02. p 0.01 p 0.001 (when compared with the 130 mmHg
group).
Table 5.5. Effects of Prolonged Hypoxic Exposure (3 days) on Liver and Muscle
Enzymatic Activities of 0. maculatus.
Liver Muscle




phosphorylase (jumole g protein Amin)
-1. -1
HK (jumole g protein min)
~ 1~ 1
LDH (jumole g protein min)
Gluconeogenic enzymes
PEPCK (jumole g protein min)
-1 -1
GGPase (jumole Pi g protein min)
_ j_
FDPase (.irnole Pi g protein min)
Mixed Functions enzymes
—y-
GPT (units mg protein)
_ i
GOT (units mg protein)
1 1
G6PDH (jumole g protein min)
S ft ±1.3 ft.7+ 1 .ft
1.14± 0.13 1.18± 0.14













a The values piven are mrari+ ft FM n= F
Value significantly different from normoxic value (P 0.02)
Figure.5.1. Time course of changes in tissue glycogen and
plasma glucose concentrations in 0. maculatus
exposed to hypoxic water. Values are presented
as mean± SEM, n=6, p 0.05 (when compared
with the Hour 0 group).
Figure 5.2. Time course of changes in tissue and plasma
lactate concentrations in 0.maculatus exposed
to hypoxic water. Values are presented as
mean± SEM, n-6, p 0.05 (when compared with
the Hour 0 group).
Figure 5.3. Time course of changes in tissue lipid
and p-lasma glycerol concentrations in
0. maculatus exposed-to hypoxic water.
Values are presented as mean± SEM, n=6,
★ p« 0.05 (when compared with the Hour 0
group).
Figure 5.4. Time course of changes in tissue protein and
tissue d( -amino acid concentrations in 0.
maculatus exposed to hypoxic water. Values are
mean± SEM, n= 6, p 0.05(when compared with
the Hour 0 group).
Figure 5.5. Time course of changes in tissue alanine
concentrations in 0. maculatus exposed to
hypoxic water. Values are presented as mean±
SEM, n=6. i p 0.05 (when compared with the
Hour 0 group).
Figure 5.6. Time course of changes in tissue succinate
concentrations in 0. maculatus exposed to
hypoxic water. Values are mean± SEM, n=6.
p 0.05 (when compared with the Hour 0 group).
5.5. DISCUSSION
In the present study, we attempt to compare the
metabolic changes in different organs of 0. maculatus
in response to different hypoxic conditions which
are frequently encountered in its natural habitats.
5.5.1. Glycogen depletion and lactate accumulation
It has been argued that brain is the most vulnerable
organ to oxygen deprivation (Robin e_t al, 1964) while
white muscle is capable of prolonged anaerobiosis.
In this experiment, we had observed an increase in
brain lactate content when the fish was exposed to
hypoxic water of PWO2 lower than 30 mmHg for one
hour. This increase in brain lactate concentration
in response to hypoxic water, however, is transient.
The time course for lactate accumulation in the brain
did not correlate with the increase in plasma lactate
and there was a positive lactate gradient between
brain and plasma. The observations suggest an enhanced anaerobiosis
in the brain of 0. maculatus, at least, during the
first hour of hypoxic exposure. Anaerobic metabolism
was also observed in brain of asphyxic mudskipper
(Bandurski et a_l, 1968) and diving lungfish (Dunn e_t al,
1983). This correlates with the high concentration
of glycolytic enzymes in brain tissues of air-breathing
fishes. In 0. maculatus, there was a decline in
brain lactate concentration after its initial rise
during prolonged hypoxia. This suggested other physio¬
logical adjustments such as increased perfusion of
brain may provide adequate oxygen. Capillary dilatation
in response to hypoxia has been demonstrated in brain
of fish (Scheich, 1972). No decrease in brain glycogen
content could be observed during the first 24 hours
of hypoxic exposure. Depletion of brain glucose
or increased uptake of glucose from blood is necessary
to provide fuel for the anaerobic metabolism during
these periods. The timing of glycogen breakdown
in brain correlated with the decrease in plasma
glucose which occurred after the initial increase
during the first three hours of exposure. The mobilization
of endogenous glycogen probably indicates that augmented
brain activity is required for coordination of aerial
breathing during exposure to hypoxic water.
In contrast to most other teleosts (Bandurski
et ah,1968; Burton, 1970 a,b), 0. maculatus did not
accumulate lactate in the white muscle during hypoxic
exposure. White muscle is probably dependent on
anaerobic glycolysis even when the fish is in normoxic
water. This is indicated by the high lactate concentration
and high lactate dehydrogenase activity compared
with other tissues and plasma. The apparent absence
of activation of anaerobic metabolism in white muscle
during hypoxic exposure indicates no significant
increase in metabolic load on the muscle due to increased
aerial breathing. Glycogen content of white muscle
was significantly decreased only after three days
of hypoxic exposure. Muscle glycogenolysis is thus
not important in this species. This probably reflects
the low energy requirement of the white muscle.
Some teleost species including cutthroat trout,
blue gill sunfish (Heath and Pritichard, 1965), flounder
(Jorgensen and Mustafa, 1980) and goldfish (Walker
and Johansen 1977) mobilize both liver and muscle
glycogen during anaerobic metabolism. In other teleosts
such as the red grouper and the black sea bream (Woo
and Wu, 1984), the site of glycogen mobilization
during hypoxic exposure appears to reside mainly
in the liver. Such a pattern was also demonstrated
for 0. maculatus in the present study. Liver was
also the site for the metabolism of lactate. This
is shown by the marked increase in hepatic lactate
dehydrogenase (LDH) activity. It must be stressed that
enhanced LDH activity was only confined to the liver,
reinforcing the importance of the liver in lactate
metabolism. Hepatic gluconeogenesis from lactate
has been demonstrated in some teleosts (Renaud and
Moon, 1980; Moose, 1980; Phillips and Hird, 1977).
Since liver lactate concentration decreased gradually
with time in hypoxic water and lactate is not being excreted
to any significant degree (Congleton, 1974), the possible
metabolic fate of lactate may be Ln situ gluconeogenesis
(Knox e_t al, 1980) or oxidation (Bilinski and Jonas, 1972).
This process occurs very slowly as shown by a long period
(more than 24 hours) for decrease in lactate concentration.
A shorter time has been reported for the metabolism
of lactate following exercise in fish (Beamish, 1968;
Johnston and Goldspink, 1973). This indicates
anaerobic metabolism probably continued for
a certain period (several hours) before transition
to aerobic metabolism.
The glycogen level in heart of 0. maculatus
is comparable to that of the rat heart (Newsholme
and Start, 1973). In hypoxic water, there was a
significant decrease in glycogen content after one-
hour exposure. However, a water oxygen tension below
50 mmHg is necessary to induce cardiac glycogenolysis
during acute exposure. Exposure to hypoxic water
caused a general decline in the concentration of
lactate in heart. This decreased level of lactate
may be associated with the bradycardia during exposure
to hypoxic water (see Chapter Four). Alternatively,
lactate oxidation may be activated in heart where it
is kept perfused with oxygenated blood from air-
breathing organ. The heart of air-breathing fish
was considered as an oxidative Hhot spot by Hochachka
(1980). This is in agreement with the observation
that fish heart preferentially utilizes lactate,
rather than glucose, as a metabolic fuel (Lanctin
et aT, 1980) .Nevertheless, glycogen depletion in
heart indicates the dependence of heart on glycolysis
of endogenous glucose
5.5.2. Lipid mobilization and glycerol accumulatio
Lipid is probably a major metabolic fuel in 0.
maculatus as shown by the low respiratory quotient
(see Chapter Three). Exposure of the fish to hypoxi
water caused a rapid decrease in lipid reserve in
liver independent of the degree of water oxygen
tensions. Depletion of liver lipid was associated
with a increase in plasma glycerol. Fatty acid and
glycerol are released into blood when lipid store
is mobilized (Newshome and Start., 1973). This
lipolysis was probably stimulated during exposure
of 0. maculatus to hypoxic water. It is generally
assurned that oxidation rate of glycerol is low and
that most glycerol is recycled to glucose (Newshome
and Start, 1973; Lech, 1970). Gluconeogenesis from
glycerol has been demonstrated in fish hepatocytes
in vitro (Renaud and Moon, 1980). Since there was
only a small increase in plasma glycerol compared
with a large decline in liver lipid, glycerol may
be utilized for gluconeogenesis in liver of 0.
maculatus.
Important difference between fish and mammals
in lipid metabolism has been noted (Farkas, 1967; Minick
and Chavin, 1972; Ince and Thorpe, 1974). In contrast
to the mammalian system, catecholamines do not have
any lipolytic effect in fish (Farkas, 1967; Bilinski
and Lan, 1969). Furthermore, recent evidence (Fraisse
et al, 1984) has pointed to the lack of'a hormone sensitive
lipase in fish.
Transport of fatty acids from liver to muscle
during the first day of exposure to hypoxic waters
was suggested by the time correlation between increase
in muscle lipid and mobilization of liver lipid. Prolonged
exposure to hypoxic water caused no further depletion
of liver lipid, but there was a gradual accumulation of
plasma glycerol. Increase in plasma glycerol may be
related to the lipolysis of muscle lipid after nine
hours of hypoxic exposure.
5.5.3. amino acid accumulation
As the fish were not fed during the experiment,
the increase in amino acid in liver may be
considered to be derived from proteolysis of peripheral
tissue such as muscle. However, there was no
corresponding increase in muscle cx- amino acid.
Thus, muscle proteolysis did not seem to account for
the increased level of liver cx- amino acid. Since
amino acid uptake from blood was not expected to
increase during starvation, decreased removal of
amino acid by oxidative deamination may explain the
c- amino acid accumulation in liver. Despite increase
in 0-amino acid in liver, alanine concentration did
not increase proportionally. Since alanine is a good
gluconeogenic substrate (Renaud and Moon, 1980), enhanced
channelling of alanine to glucose may occur in liver.
5.5.4. Alanine and succinate production
Apart from lactate, alanine and succinate have
been shown to accumulate during anaerobic metabolism
in some teleosts (Johnston, 1975; Hughes and Johnston,
1978; Jorgensen and Mustafa, 1980). Among the various
pathways proposed, increased transamination of pyruvate
by glutamate-pyruvate transaminase appeared to be the
most probable explanation for the accumulation of
alanine. Availability of pyruvate was increased from
activated glycolysis. The pathway for the accumulation
of succinate in tissues of fish, however, is not fully
known (see Hochachka, 1980). In invertebrates,formation
of succinate is coupled to alanine and ATP formation
(Hochachka and Somero, 1973). In the present experiment,
accumulation of alanine was found in the brain and heart.
However,succinate accumulated only in the brain. Accumula¬
tion of alanine without concomitant succinate accumulation
was also demonstrated in heart of hagfish (Hansen and
Sidell, 1983) and in red muscle of flounder during hypoxia
(Jorgensen and Mustafa, 1980). This suggests that the
enzyme machineries for the accumulation of these anaerobic
products may be different in invertebrate and fish.
Similar to the fate of lactate, alanine and succinate
concentration decreased to the pre-exposure values after
three days of hypoxic exposure. These changes probably
indicate a gradual shift from anaerobic to aerobic
condition in the tissues. The accumulation of alanine
and succinate in heart and brain but not in other tissues
was unique t0 0. maculatus. Further enzymatic studies
of different organs in the fish may serve to elucidate
these metabolic differences. However, since the
concentration of alanine and succinate was low
compared with that of lactate, it was probable
that lactate was the dominant anaerobic end-product
during hypoxia in 0. maculatus.
5.5.5. General conclusion
Exposure of the air-breathing 0. macula tus to
hypoxic waters induced air-breathing (see Chapter Three).
However, change in metabolic parameters showed that
anaerobic metabolism was triggered, at least, during
the first three hours of exposure. This was shown by
the accumulation of lactate, alanine and succinate.
During prolonged exposure to hypoxic water, tissue
glycogen was mobilized to provide glucose fuel for
tissue metabolism as plasma glucose failed to keep up with
the demand for energy requirement of the tissues.
Increased liver lipid mobilization was also noted
from the very beginning of hypoxic exposure. The
released fatty acid and glycerol provided additional
fuel for the energy requirement of the fish. Depletion
of both tissue glycogen and lipid during hypoxic
exposure indicated an active metabolism was maintained
throughout the experimental period. Previous study
showed that starvation of three days produced no effect
on the liver glycogen and lipid in this species (Woo
and Cheung, 1980). This was probably related to the
decrease in oxygen consumption during starvation.
However, the author does not preclude .the occurrence
of anaerobic glycogenolysis during prolonged hypoxic
exposure of 0. maculatus in this study since other
anaerobic products such as carbon dioxide and ethanol
(Van den Thillart and Kesbeke, 1978; Shoubridge and
Hochachka, 1980) have not been measured.
It was concluded that profound metabolic changes
were associated with air breathing during exposure
of 0. maculatus to hypoxic water. Acute exposure
(1-3 hours) induced anaerobic metabolism while prolonged
exposure (1- 3 days) depleted tissue glycogen. These
supported the suggestion that increased air breathing
induced by hypoxic exposure posed a high metabolic
load on 0. maculatus. The strategy, however, was to
increase carbohydrate and lipid catabolism, but not
protein catabolism. More detailed enzymatic study
on metabolism of the fish during hypoxic exposure is
now being carried out in the laboratory.
CHAPTER SIX GENERAL CONCLUSION
GENERAL CONCLUSION
The present study demonstrated that 0. maculatus
showed an integrated response to hypoxic conditions.
Generally, this involved an increase in oxygen uptake
from air, decrease in branchial and cardiac activities
and a shift to anaerobic metabolism. This anaerobic shift
however, was transient and lactate produced from
anaerobic glycolysis was gradually metabolized during
prolonged hypoxic exposure.
The following physiological responses of 0. maculatus
observed during exposure of the fish to hypoxic conditions
are of adaptive values and deserve futher investigation:
(i) Increase in aerial respiration is coupled to
a decrease in gill ventilation. Decrease in
gill ventilation is advantageous in minimizing
both the metabolic cost of branchial movement
and possible branchial oxygen loss.
(ii) The separation of oxygenated and deoxygenated
blood streams in the heart allows a higher arterial
blood oxygen saturation.
(iii) Bradycardia and hypotension during hypoxic exposure
serve to minimize the cardiac activity and
probably improve the perfusion pattern in
respiratory surfaces.
(iv) High blood oxygen affinity and hyperbolic blood
oxygen dissociation curve favour oxygen uptake
from hypoxic water. This high oxygen affinity
can support a low oxygen tension in blood without
the sacrifice of maintaining a low blood oxygen
saturation. A low blood oxygen tension is import¬
ant to minimize branchial oxygen loss by reducing
the negative oxygen gradient at gills when the
fish is exposed to severely hypoxic water.
(v) Increased anaerobic glycogenolysis is coupled
with an enhanced lactate metabolism during
prolonged exposure of the fish to hypoxic water.
Establishment of possible pathways of lactate
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